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Editorial on the Research Topic
Neuropharmacological, Neurobiological and Behavioral Mechanisms of Learning and Memory

In our initial call, we mentioned that memory is a basic function of the brain, and fundamental
in our life. It might be defined according to its content, time, and neurobiological basis: in the
former case, as declarative/explicit or non-declarative/implicit memory; regarding time, as short-
term (STM) or working, and long-term memory (LTM); and the latter depends on protein and
mRNA synthesis. We know now that based on its molecular changes memory, covers several phases
and times (e.g., [zquierdo et al., 2006; Ben-Yakov et al., 2015; Asok et al., 2018). According with Asok
et al. (2018) there has been important advances in identifying the electrophysiological, genetic,
proteomic, and epigenetic underpinnings of long-term memory (LTM).

As the present Research Topic shows, the investigation of memory mechanisms and related
brain areas represent one of the most important topics in neuroscience. Memory is a field
of scientific investigation in constant expansion. It is unsurprising that thousands of papers
already have been published dealing with this subject and we frequently find them in diverse
journals, making difficult the identification of clear insights. An effective way to provide
appropriate empiric and conceptual frames might be to make available compilations. With this
aim, we are organizing the present Research Topic. Certainly, the exact mechanisms of memory
remain promising subjects. Readers from preclinical to clinical backgrounds will find interesting
neuropharmacological, neurobiological, and/or behavioral insights of the mechanisms of learning
and memory, and more importantly contributions combining these approaches. Although we miss
theoretical and historical analyses, the richness and variability of tools and approaches used in the
papers might reveal key insights and will be a decisive step forward in this topic.

Moreover, attempting going beyond the “memory disorders” notion, the classic Alzheimer’s
disease and the present dominant behavioral memory tasks (see e.g., Arakawa and Iguchi,
2018) as was the Morris water maze, and considering that cognitive dysfunction occurs in
diverse psychiatric disorders (e.g., Millan et al, 2012). For instance, what treatments might
be useful for memory alterations component present in posttraumatic stress disorder (PTSD),
Attention deficit/hyperactivity disorder (ADHD) and drug addiction? As it becomes clear that
Neuropharmacological, Neurobiological and Behavioral Mechanisms are involved, then behavioral,
enrichment environmental, and pharmacological manipulations will be necessary?

Frontiers in Pharmacology | www.frontiersin.org 7

March 2019 | Volume 10 | Article 218


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2019.00218
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2019.00218&domain=pdf&date_stamp=2019-03-15
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ameneses@msn.com
https://doi.org/10.3389/fphar.2019.00218
https://www.frontiersin.org/articles/10.3389/fphar.2019.00218/full
http://loop.frontiersin.org/people/4039/overview
http://loop.frontiersin.org/people/4496/overview
http://loop.frontiersin.org/people/384849/overview
https://www.frontiersin.org/research-topics/5420/neuropharmacological-neurobiological-and-behavioral-mechanisms-of-learning-and-memory

Meneses et al.

Neuropharmacological, Neurobiological, Behavioral: Memory Mechanisms

Although we are far away to our initial aim, however in
this Ebook readers will find 36 papers covering original
research papers and a few reviews using diverse behavioral
memory tasks and approaches. We appreciate very
much all authors and reviewers who were generous with
their time. A few manuscripts were rejected, sometimes
based on fair professionals comments. Almost all the
times the editorial office worked hard to get a fair and
balance decisions.
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This review aims to classify and clarify, from a neuroanatomical, neurophysiological,
and psychological perspective, different memory models that are currently widespread
in the literature as well as to describe their origins. We believe it is important to
consider previous developments without which one cannot adequately understand the
kinds of models that are now current in the scientific literature. This article intends to
provide a comprehensive and rigorous overview for understanding and ordering the
latest scientific advances related to this subject. The main forms of memory presented
include sensory memory, short-term memory, and long-term memory. Information from
the world around us is first stored by sensory memory, thus enabling the storage and
future use of such information. Short-term memory (or memory) refers to information
processed in a short period of time. Long-term memory allows us to store information
for long periods of time, including information that can be retrieved consciously (explicit
memory) or unconsciously (implicit memory).

Keywords: explicit memory, sensory memory, implicit memory, long-term memory, short-term memory

INTRODUCTION

A life full of unconnected events, of errors that do not lead to any lessons and of emotions without
the ability to remember them is no life at all. Memory is precisely the capacity that allows us to
connect experiences, learn and make sense of our lives. In short, it allows us to build our story.
The full range of this complex capacity’s neuroanatomical, neurobiological, neurophysiological,
and psychological mechanism remain unknown and it presents a challenge for psychologists
and neuroscientists who try to explain it. This review attempts to provide a rigorous overview
that permits anyone who wants to approach the latest scientific findings on memory to do so,
as well as to understand them and properly order them. We will focus on neuroanatomical,
neurophysiological, and psychological mechanisms of the different types of memory.

Although knowledge of molecular mechanisms is important for constructing a complete
vision of memory models, in this article we can only point out general traits as summarized
in this introduction [for more information see (Kandel et al., 2014)]. In addition, knowledge
gained from neuroimaging studies (Binder and Desai, 2011), as well as knowledge of the neural
markers associated with memory (Meneses, 2015), will likely play a key role in future models of
memory mechanisms, but in this review, as stated above, we focus mainly on neuroanatomical,
neurophysiological, and psychological mechanisms.
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We believe it is important to consider previous developments
without which one cannot adequately understand the
classifications of memories and the kinds of memory models that
are now current in the scientific literature.

The three major classifications of memory that the scientific
community deals with today are as follows: sensory memory,
short-term memory, and long-term memory. Information from
the world around us begins to be stored by sensory memory,
making it possible for this information to be accessible in the
future. Short-term memory refers to the information processed
by the individual in a short period of time. Working memory
performs this processing. Long-term memory allows us to store
information for long periods of time. This information may
be retrieved consciously (explicit memory) or unconsciously
(implicit memory).

As Squire (2004) points out, the first theoretical approaches
relevant to current neuroscience come from the 19th century.
These include Maine de Biran (1804/1929) (Maine de Biran,
1929) who, at the beginning of the century, wrote of
mechanical memory, sensitive memory, and representative
memory. The philosopher James, and his book The Principles of
Psychology (James, 1890), is also especially worth highlighting.
Therein, James distinguishes between primary and secondary
memory, thereby referring to short- and long-term memory,
respectively.

The importance of Pavlov (1927) and Fitts and Posner (1967)
are especially noteworthy during the first two thirds of the
20th century. Pavlov’s studies are related to a type of memory
that later would be called associative memory. Meanwhile, Fitts
and Posner’s studies are considered the first model to explain
procedural memory.

Prior to the 605, most systematizations of memory
distinguished a more mechanical type of memory related to
the acquisition of skills, which is, in turn, related to activity of
the intellect. Unlike what followed, debates in this period were
mainly philosophical or based on psychological intuition (Ribot,
1881; Korsafoff, 1890).

Beginning in the 1960s, a series of experimental studies on
how the brain stores information emerged, using animals and
amnesic patients. Within this decade, Milner, Atkinson, and
Shiffrin were especially important researchers.

The experimental modern era arguably began when Milner
(1962) demonstrated, with HM experiments, that a seriously ill
patient could acquire a new skill (hand-eye coordination) without
any memory of having encountered the task before. “While this
finding showed that memory is not unitary, discussions at the
time tended to set aside motor skills as a special case representing
a less cognitive form of memory. The suggestion was that the rest
of memory is of one piece and is dependent on medial temporal
lobe structures” (Squire and Wixted, 2016).

A few years later, Atkinson and Shiffrin (1968) proposed
a modal model of memory that constitutes one of the most
influential explanations for the existence of different components
in the memory system. The importance of this model is
such that it must be explained in the next section, but for
now it should simply be mentioned that the modal model
establishes the existence of short-term storage (ACP), which

receives sensory information that is processed by sensory and
data storehouses within long-term memory. This storage system
can generate reasoning and new deductions from existing
ones.

In the seventies, Tulving, Baddeley, and Hitch and Kandel’s
investigations are especially noteworthy. Tulving (1972) first
proposed the distinction between episodic memory and semantic
memory. Baddeley and Hitch (1974) conducted research on
the components of working memory. Both authors considered
working memory as a limited capacity system that allows
temporary storage and manipulation of information necessary
to perform complex tasks such as understanding, learning,
and reasoning. As explained later on, at first (1974), they
proposed the existence of three subsystems within the multi-
storehouse model of short-term memory: the central executive,
a phonological or articulatory loop and a visuospatial sketchpad.
Later, Baddeley (2000) included a fourth subsystem, the episodic
buffer, which combines information from the subsystems in
a form of temporal representation. Kandel (1976) proposed a
model to explain the mechanism of operation in habituation and
sensitization. To do this, he used the notion of non-associative
memory, which, as we shall see, is one of the four types of
non-declarative or implicit memory, like that which refers to
new behaviors learned through repeated exposure to a single
stimulus. According to Kandel, new behaviors can be classified
into two processes: sensitization and habituation. On the one
hand, for habituation, acetylcholine is progressively consumed,
decreasing the effectiveness of the stimulus and thereby the
motor response. On the other hand, the presence of serotonin in
sensitization, secreted by another sensory nerve terminal, causes
an excess of acetylcholine. An enhanced motor response thus
emerges.

In the 1980s, the differences between declarative and
non-declarative memories were consolidated and disseminated.
This, together with contributions from Tulving and others,
such as Di Lollo or Graf and Schacter, enabled a more
precise classification of different types of memory. To date,
Di Lollo’s model of iconic memory (Di Lollo, 1980) has
been the most widely accepted and studied of the three
existing types of sensory memory. As discussed in the next
section, Di Lollo considered iconic memory a storage unit
consisting of two components: the persistence of vision and
information. Graf and Schacter (1985) proposed a general
difference between declarative memory (explicit) and non-
declarative memory (implicit/procedural). This stems from
the distinction that Tulving (1972) proposed between the
aforementioned episodic memory and semantic memory
(both, as we will see, are currently included in declarative
memory).

In the 907, a classification of the types of memory emerged,
but the way they act and their interrelation was still unclear.
In order to clarify its operation, Packard and McGaugh (1996)
proposed that memory systems operate independently and in
parallel. For example, an adverse event in childhood (e.g.,
seeing your grandfather being run over by a combine) can, on
the one hand, consolidate as a stable declarative memory for
the event itself (the sound of a combine always makes you
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remember that moment-episodic memory) and, on the other
hand, can crystallize in non-declarative memory and result in a
phobia experienced as a personality trait rather than as a mere
memory (being near a combine will always produce panic and
induces a desire to escape that situation-associative memory).
Several authors (Tulving et al., 1982) had already mentioned
the idea of priming as a separate type of memory, but it was
not until the 90s that experiments were conducted to show it
(Hamann and Squire, 1997; Stark and Squire, 2000; Levy et al.,
2004). These studies show that severely amnesic patients can
exhibit completely intact priming while performing memory tests
that include conventional recognition of the same test items
(Squire, 2004).

Thanks to the development of new 21st century technologies,
researchers have been able to more accurately locate brain areas
that are associated with different types of memory. Although
this pertains to topics to be addressed in detail in the next
section, there are two examples that we consider significant to the
application of these new techniques and the significant progress
made in understanding memory storage. On the one hand,
Ergorul and Eichenbaum’s experiment (Ergorul and Eichenbaum,
2004) shows that animals are able to remember the “context in
which they experienced specific stimuli, and that this capacity
also depends on the hippocampus” (Dickerson and Eichenbaum,
2010). This process is closely related to the formation of
episodic memory. On the other hand, neuroimaging studies
that Binder and Desai (2011) conducted show “two striking
results: the participation of modality-specific sensory, motor, and
emotion systems in language comprehension, and the existence
of large brain regions that participate in comprehension tasks
but are not modality-specific.” With this in mind, Binder and
Desai (2011) claims that semantic memory consists of two
representations, including a specific mode and a supramodal
mode. Again, this will be explained in more detail in what
follows.

The research of the cellular and molecular substrates of
memory has received much attention since Lomo (1966)
described in the 60’s “a cellular model of experience-dependent
plasticity—long-term potentiation (LTP)” (Kandel et al., 2014).
According to Lisman et al. (2012): “LTP is a process whereby brief
periods of synaptic activity can produce a long-lasting increase in
the strength of a synapse, as shown by an increase in the size of the
excitatory postsynaptic current.” NMDA receptors are double-
gated, as their activation requires both postsynaptic membrane
depolarization as well as presynaptic release of glutamate. Once
activated by these conditions, NMDA receptors trigger a strong
postsynaptic influx of Ca2+ that induce LTP through a variety
of pathways including CaMKII, PKC, PKA, and MAPK (Kandel
etal., 2014).

With this brief historical and conceptual introduction laid
out, we intend to delve into different types of memory in order
to present the models that the scientific community has most
accepted thus far. In the last section, and before the glossary, we
identify the likely directions for future research. Now we turn on
to our main task, presenting an overview of the latest scientific
findings on memory, classified according to different types and
mechanisms.

SENSORY MEMORY: ICONIC MEMORY

“Sensory memory is the capacity for briefly retaining the large
amounts of information that people encounter daily” (Siegler
and Alibali, 2005). There are three types of sensory memory:
echoic memory, iconic memory, and haptic memory. Iconic
memory retains information that is gathered through sight,
echoic memory retains information gathered through auditory
stimuli and haptic memory retains data acquired through touch.

Scientific research has focused mainly on iconic memory;
information on echoic and haptic memory is comparatively
scarce. Thus, taking into account the goals of this article and
that it is aimed at a higher education audience, presenting iconic
memory as a paradigm of sensory memory is sufficient for an
introductory overview.

Iconic memory retains information from the sense of
sight with an approximate duration of 1 s. This reservoir of
information then passes to short-term vision memory (which is
analogous, as we shall see shortly, to the visuospatial sketchpad
with which working memory operates).

Di Lollo’s model (Di Lollo, 1980) is the most widely accepted
model of iconic memory. Therein, he considered iconic memory
a storehouse constituted by two components: the persistence of
vision and information.

(a) Persistence of vision. Iconic memory corresponds to the
pre-categorical representation image/visual that remains between
100 and 300 ms. It is sensitive to physical parameters, such that
it depends on retinal photoreceptors (rods and cones). It also
depends on various cells in the visual system and on retinal
ganglion cells M (transition cells) and P (sustained cells). It
concludes its representation in the primary visual cortex (V1)
of the occipital lobes. “The occipital lobe is responsible for
processing visual information” (Kamel and Malik, 2014).

(b) Persistence of information. Iconic memory is a storehouse
of information that lasts 800 ms and that represents a codified
and already categorized version of the visual image. It plays the
role of storehouse for post-categorical memory, which provides
visual short-term memory with information to be consolidated.
For this, it travels through the ventral route (V) (V1 - V2 — V5
— inferior temporal cortex).

Subsequent research on visual persistence from Coltheart
(Coltheart, 1983) and Sperlings studies (Sperling, 1960) on
the persistence of information led to the definition of three
characteristics pertaining to iconic memory: a large capacity, a
short duration, and a pre-categorical nature.

Sperling (1960) demonstrated this large capacity after
presenting the results of his total and partial reports. The full
report consisted in presenting a 3 X 3 or 3 x 4 matrix of
alphanumeric characters for a short period of time to subjects
and later asking them which characters they remembered. On
the other hand, in the partial report, subjects were directed to
remember the characters in a row specifically assigned to them
in the instructions. The total report’s results showed that subjects
were only able to recall between 3 or 4 letters of the total number.
However, in the partial report, subjects remembered around 75%
of those that were asked. In extrapolating the partial reports
data to the total, it follows that individuals could report 9 of the
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12 letters contained in the instructions (80% of the total), thus
demonstrating a large capacity.

Regarding short-term, Sperling interpreted the results of the
partial report as due to the rapid decline of the visual sign
and reaffirmed this short duration by obtaining a decrease in
the number of letters reported by the subject in delaying the
audio signal for choosing a row to remember in the presentation.
Averbach and Coriell’s experiments (Averbach and Coriell, 1961)
corroborated Sperling’s conclusion; they presented a variety of
letters for a certain period of time to the subject. After each
letter, and in the same position, they showed a particular visual
sign. The participant’s task was to name the letter that occupied
the position of the visual sign. When the visual sign appeared
immediately after the letters, participants could correctly name
the letter that occupied the position of the sign, however, as
the presentation of the sign became more delayed, participant
performance worsened. These results also show the rapid decline
of visual information.

Finally, regarding its pre-categorical nature, Sperling
considered the information contained in this storehouse as
physical information that maintains the raw data that is not
related to the meaning of stimuli. Subsequently, evidence has
been obtained that this system is not entirely pre-categorical
(Loftus et al., 1992) since the task improves when the stimuli to
remember are letters or numbers instead of meaningless forms.

SHORT-TERM MEMORY

Short-term memory is the ability to keep a small amount
of information available for a short period of time. Atkinson
and Shiffrin’s modal model (Atkinson and Shiffrin, 1968) is
one of the most influential explanations for the existence of
different components in the memory system (Figure 1). This
model has some similarities with Broadbent’s previous model
(Broadbent, 1958). The modal model establishes the existence

of a short-term storehouse with limited capacity. The short-
term storehouse receives sensory information processed by
sensory storehouses and data in long-term memory. In addition,
the short-term storehouse can also send information to the
structures involved in long-term memory. This storehouse can
generate reasoning and new deductions from existing ones. This
model implies that the short-term storehouse functions as a
kind of working memory, a system to retain and manipulate
information temporarily as part of a wide range of essential
cognitive tasks such as learning, reasoning, and understanding.
They, in turn, give short-term storage central importance in the
overall processing of information by attributing to it the role of
controlling the executive system, responsible for the coordination
and control of many complex subroutines in charge of acquiring
new material and recovering old material in long-term storage.

Despite the explanatory power of Atkinson and Shiffrin’s
model, there were a number of issues that this model could not
resolve, causing criticism of it. For example, this model implies
that the longer an item remains in memory, the more likely it
is to be transferred to long-term storage. But studies like those
of Tulving and Pearlstone (1966) and Craik and Watkins (1973)
show that said relationship does not exist.

Given these criticisms, new models began to appear to explain
memory, such as those from Cowan (1988, 1995, 1999) and
Goldman-Rakic (1995). Among them, Craik and Lockhart’s
process model (Craik and Lockhart, 1972) and Baddeley and
Hitch’s structural model (Baddeley and Hitch, 1974) were the
most prominent; the latter is the most commonly accepted one
today and thus we will focus on it in this article.

As an introduction, it can be argued that Craik and Lockhart
(1972) understood memory not as a process through which
information is deepened at higher levels until it becomes part of
long-term memory, but rather as a system of storehouses. Despite
an emphasis on information processing (instead of structure),
they continued to accept the existence of short-term memory as
independent from long-term memory. For their part, Baddeley
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and Hitch’s proposal (Baddeley and Hitch, 1974) contemplated a
multi-component working memory instead of a storage unit in
the short term.

Working Memory

“The term working memory refers to a brain system that
provides temporary storage and manipulation of the information
necessary for such complex cognitive tasks as language
comprehension, learning and reasoning” (Baddeley, 1992). At
first (1974), they proposed the existence of three subsystems
within the multi-storehouse model of short-term memory: the
central executive, a phonological or articulatory loop and a
visuospatial sketchpad.

In general, we can say that the central executive controls
attention, “the phonological loop ensures retention of verbal
information and the visuospatial sketchpad is responsible for
storage visual and spatial information” (Grigorenko et al., 2012).
The latter two sub-memory systems are equivalent to verbal and
visual short-term memory systems, respectively.

Wang and Bellugi (1994) presented a genetically based
test that supports the functional and anatomical separation of
Baddeley’s model with phonological and visuospatial storehouses.
They compared two genetic syndromes (Williams and Down)
with different brain morphology. Williams syndrome patients,
despite having widespread mental handicaps, preserve their
language skills, while Down syndrome patients preserve more
partial capacities, but have very limited language skills. It was
therefore assumed that the former would be better at verbal
tasks related to operative memory, and that the latter would
be better at visuospatial tasks related to operative memory. As
expected, subjects with Williams syndrome performed better at
phonological tasks, while subjects with Down syndrome, in turn,
performed better at spatial tasks.

Later, Baddeley (2000) included a fourth subsystem, the
episodic buffer (Figure 2), which combines information from the
different subsystems in a kind of temporal representation.

Here we will focus on the different subsystems that make
up Baddeley’s multi-storehouse model (2000), i.e., the central
executive, the phonological or articulatory loop, the visuospatial
sketchpad and the episodic buffer.

The Central Executive

The central executive is a system of attention control with
limited processing capacity. Baddeley (1986) adopted a model
originally proposed by Norman and Shallice (1986), in which
actions are controlled in two ways. “Behavior that is routine
and habitual is controlled automatically by a range of schemas,
well-learned processes that allow us to respond appropriately to
the environment” (Baddeley and Hitch, 2010). Processes that are
not recognized as habitual are controlled by a second system,
the supervisory attention system. This system uses long-term
knowledge to propose novel behavioral solutions and to weigh
options before deciding on a response.

In its original version, the central executive was considered
an overall system capable of processing and storing. However,
Baddeley and Logie (1999) proposed that it only has attention
capacity.

Subsequent studies have proposed to complement the
executive system with the episodic buffer as other separate storage
system: “the episodic buffer clearly does represent a change
within the working memory framework, whether conceived as a
new component, or as a fractionation of the older version of the
central executive”(Baddeley, 2000).

Baddeley and Logie understand the central executive as the
result of the integration of several processes: the ability to
focus attention, the ability to divide attention between two or
more tasks, and the ability to control long-term memory access
(Baddeley et al., 1991; Logie et al., 2004; Baddeley, 2007). The way
to accomplish this may be with one or more types of inhibition
(Engle et al., 1999; Miyake et al., 2000). This approach accepts
that the frontal lobes play an important role in executive control,
although there are differing opinions on the functions™ precise
location (Duncan and Owen, 2000; Shallice, 2002).

Visuospatial Sketchpad

It has been suggested that the sketchpad’s main function is to
create and maintain a visuospatial representation that persists
through the irregular form found in eye movement and that
characterizes our exploration of the visual world (Luck, 2007).

It has been shown that spatial tasks such as driving a car can
interfere with spatial skills, while exclusively visual tasks, such
as watching a series of images or colored shapes, can interfere
with the recall of objects or shapes (Logie, 1986; Klauer and
Zhao, 2004). These patterns of interference, together with cases
of brain-damaged patients that show a deficit in one kind of task
but not the other (Della Sala and Logie, 2002), suggest that spatial
information and visual characteristics can be stored separately.

The visuospatial sketchpad seems to involve a number of areas,
predominantly in the brain’s right hemisphere. On the one hand,
it contains a visual component that reflects the processing and
storage of objects and their visual features. On the other hand,
it contains a second parietal area, presumably involved in spatial
aspects.

Phonological Buffer

It can be argued that the phonological buffer supports language
acquisition by providing the ability to store new words, while they
are consolidated into long-term memory (Baddeley et al., 1998).
Within this phonological loop, two basic sub-processes emerge:
a short-term acoustic storehouse and a subvocal articulatory
rehearsal process. The existence of the former is indicated by the
effect of phonological similarity, where speech is less accurate
when repeating “similar-sounding words such as MAN CAP CAT
MAT CAN, than dissimilar words such as PIT DAY COW PEN
TOP. Similarity of meaning (HUGE LARGE BIG WIDE TALL)
has little effect on immediate recall. On the other hand if several
trials are given to learn a longer list of say 10 words, meaning
becomes all-important and sound loses it power, consistent with
different systems for short-term and long-term storage (Baddeley,
1966a,b). Evidence for the importance of rehearsal comes from
the word length effect, whereby immediate recall of long
words (e.g., REFRIGERATOR UNIVERSITY TUBERCULOSIS
OPPORTUNITY HIPPOPOTAMUS) is much more error-prone
than for short words (Baddeley et al., 1975)” (Baddeley and
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Hitch, 2010). Baddeley and Hitch (1974) proposed that retention
of items in the short-term storehouse quickly fade, but can be
maintained by repeating them.

With respect to cerebral location, the phonological loop is
found in the brain’s left hemisphere “The loop is assumed
to hold verbal and acoustic information using a temporary
store and an articulatory rehearsal system, which clinical lesion
studies, and subsequently neuroradiological studies, suggested
are principally associated with Brodmann areas, 40 and 44,
respectively” (Baddeley, 2000).

Episodic Buffer

The verbal and visual systems within the conventional model
of working memory may explain many aspects, but Baddeley
(2000) points out that evidence from patients with short-term
memory deficits— who resist memorizing prose (with a verbal
span much higher than that of isolated words) and resist serial
memory of articulatory suppression— leads to supposing that
a storehouse of additional support exists. This is seen in the
existence of a new mechanism that combines information from
multiple subsystems into a form of temporal representation.
Baddeley (2000) proposed the term episodic buffer for this new
kind of representation.

The episodic buffer is thus a temporary storage system
capable of integrating information from different sources, likely
controlled by the central executive. “The buffer is episodic in the
sense that it holds episodes whereby information is integrated
across space and potentially extended across time” (Baddeley,
2000). It can be preserved in patients with advanced amnesia and
severe impairment of long-term episodic memory.

With that said, it is possible to consider the episodic buffer
as conceptual short-term memory. Studies to date do not specify
activity in a specific area. As Potter (1999) said: “The conceptual

short-term memory hypothesis proposes that when a stimulus is
identified, its meaning is rapidly activated and maintained briefly
in conceptual short-term memory.”

LONG-TERM MEMORY

Long-term memory refers to unlimited storage information to
be maintained for long periods, even for life. There are two
types of long-term memory: declarative or explicit memory and
non-declarative or implicit memory.

Explicit memory refers to information that can be consciously
evoked. There are two types of declarative memory: episodic
memory and semantic memory. For its part, implicit memory
encompasses all unconscious memories, such as certain abilities
or skills. There are four types of implicit memory, including
procedural, associative, non-associative, and priming.

Declarative/Explicit Memory

Explicit memory refers to information that can be evoked
consciously. There are two types of declarative memory: episodic
memory and semantic memory. As shown below, episodic
memory stores personal experiences and semantic memory stores
information about facts.

Episodic Memory
“Episodic memory involves the ability to learn, store, and retrieve
information about unique personal experiences that occur in
daily life. These memories typically include information about the
time and place of an event, as well as detailed information about
the event itself.” (Dickerson and Eichenbaum, 2010).

There are a number of neural components that are closely
related to the proper functioning of episodic memory, which
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include the following: the cortex near the hippocampus [as
discussed below, the perirhinal cortex (PRC), the entorhinal
cortex, and the parahippocampal cortex (PHC)], cortical and
subcortical structures, and the circuits within the medial
temporal lobe and hippocampus.

The cortices near the hippocampus extensively interact
with a number of cortical and subcortical structures; cortical
components have key roles in various aspects of perception and
cognition, while the medial temporal lobe structures mediate the
organization and the persistence of the memory network, whose
data is stored in these cortical areas (Dickerson and Eichenbaum,
2010).

The structures directly related to the hippocampus include
the entorhinal, the parahippocampal, and the perirhinal cortices.
Each one is discussed in detail below.

The entorhinal cortex is the main interface between the
hippocampus and neocortex, thus it is associated with the
distribution of information to and from the hippocampus. The
surface layers (II and III) of the entorhinal cortex project out
toward the dentate gyrus and hippocampus. While layer II
mainly projects out toward the dentate gyrus and the CA3
region of the hippocampus, layer III mainly projects out toward
the hippocampal CA1 region and the subiculum. These layers
receive input signals from other cortical areas, particularly the
association cortices, the PRC and the parahippocampal gyrus,
as well as the prefrontal cortex. Layers II and III receive highly
processed inputs from each sensory modality, and inputs related
to ongoing cognitive processes. Deep layers, particularly layer V,
receive one of the three output signals from the hippocampus
and, in turn, exchange connections with other cortical areas that
project out toward the superficial entorhinal cortex.

The PRC has a role in visual object recognition, while the
PHC is involved in the perception of the local environment
and processing information related to that place. Thus, fMRI
studies indicate that the PHC becomes very active when human
subjects receive topographical stimuli such as landscapes or
rooms. Epstein and Kanwisher (1998) first described the PHC and
Aguirre et al. (1996, 1998) and Ishai et al. (1999) later backed up
that description.

Finally the hippocampus is responsible for the formation
and retrieval of memories. That is, the information that the
three cortices described above process reach the hippocampus
where new memories are generated and from which they can
later be retrieved. Episodic memory recall involves a spatial and
temporal context of specific experiences. For further review of the
mechanisms of memory formation see Craver (2003).

As Dickerson and Eichenbaum (2010) point out in their
review, “several investigators have argued that animals are indeed
capable of remembering the context in which they experienced
specific stimuli, and that this capacity also depends on the
hippocampus.” Ergorul and Eichenbaum (2004) published a
significant study to this effect in which they developed a series of
tasks for rats to assess their memory of events, which combined
an odor (what), the place of the experience (where), and the
relation to other experiences (when). The rats were presented
with a sample of an odor in one specific place along the
edge of a large open field. Subsequently, as a way of testing

their memory, they were presented with a choice between two
arbitrarily selected odors in their original locations. The results
of the test showed that normal rats use a combination of where
and what information to judge the timing of the events, while
rats with a damaged hippocampus cannot manage to effectively
combine what, when, and where information in order to form a
recovered memory.

Three years later Eichenbaum et al. (2007) proposed a
functional organization of memory’s medial temporal lobe
system: “Neocortical input regarding the object features (“what”)
converges in the PRC and lateral entorhinal area (LEA), whereas
details about the location (“where”) of objects converge in the
PHC and medial entorhinal area (MEA). These streams converge
in the hippocampus, which represents items in the context in
which they were experienced. Reverse projections follow the
same pathways back to the parahippocampal and neocortical
regions”(Eichenbaum et al., 2007).

It should be noted that memory of faces is typically associated
with activity in the perirhinal and hippocampus rostral regions,
while memory of objects is typically associated with wider-
ranging activity (Preston et al., 2010).

Both results concerning functional an anatomic and
characterizations in animal models are consistent with the
hypothesis that is guided by anatomic criteria about the
functional organization of the hippocampal system (Dickerson
and Eichenbaum, 2010).

“The ventral temporal cortex, including fusiform gyrus, is
commonly engaged when pictures of visual objects are presented,
and the lateral temporal cortex including superior temporal gyrus
is typically engaged during the encoding of auditory information”
(Dickerson and Eichenbaum, 2010).

Semantic Memory

As noted, in the context of long-term memory, there were
two types of memory, corresponding to declarative and
non-declarative memory. Within declarative memory, we find
both episodic memory, as discussed above, and semantic
memory, as discussed below.

Human beings have the ability to represent concepts in
language. This ability allows us not only to disseminate
conceptual knowledge to others, but also to manipulate, associate,
and combine these concepts. Therefore, as Binder and Desai
shows, “humans use conceptual knowledge for much more
than merely interacting with objects. All of human culture,
including science, literature, social institutions, religion, and art,
is constructed from conceptual knowledge” (Binder and Desali,
2011). Activities such as reasoning, planning for the future or
reminiscing about the past depend on the activation of concepts
stored in semantic memory (Mahon and Caramazza, 2008).

Binder and Desai showed two striking results related to
neuroimaging research: on the one hand, the participation of the
specific sensory, motor and emotional modality in understanding
language and, on the other hand, the existence of large regions
of the brain (the inferior parietal lobe and a large part of
the temporal lobe) involved in tasks related to understanding.
These latter regions converge on the many currents involved in
perception processing, and these convergences allow supramodal

Frontiers in Pharmacology | www.frontiersin.org

June 2017 | Volume 8 | Article 438


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Camina and Guell

Memory: Current Models and Their Origins

representations of perceptual experience that support a variety of
conceptual functions, including language, social cognition, object
recognition, and the extraordinary human ability to remember
the past and imagine the future (Binder and Desai, 2011).
Therefore, accepting their argument, semantic memory consists
of two representations: a specific modality and supramodal
modality.

In this regard, Binder and Desai found several objections.
A not inconsiderable one is that activations observed in
imaging experiments could be an epiphenomenon rather than
causally related to understanding. Therefore, the involvement
of the motor system for processing a text would contribute
to understanding and is not a mere product. Another critical
point is the possibility of interpreting that collected activations
represent images after understanding takes place. However,
and as they showed in their review (Binder and Desai, 2011),
in studies of neuroimaging with high temporal resolution,
the activation of motor regions during the processing of a
text appears to be rapid, about 150-200 ms after each word
(Pulvermdiller et al., 2005; Boulenger et al., 2006; Hoenig et al,,
2008; Revill et al., 2008).

“These converging results provide compelling evidence that
sensory-motor cortices play an essential role in conceptual
representation. Although it is often overlooked in reviews
of embodied cognition, emotion is as much a modality of
experience as sensory and motor processing (Vigliocco et al.,
2009). Words and concepts vary in the magnitude and specific
type of emotional response they evoke, and these emotional
responses are a large part of the meaning of many concepts”
(Binder and Desai, 2011).

Following Binder and Desai, brain appears to use supramodal
abstract representations for conceptual tasks. In this regard, it can
be convincingly argued that the human brain has large areas of
cortex that are between the sensory systems and motor modalities
and, therefore, Damasio’s idea convergence zones seems plausible
(Damasio, 1989). “These heteromodal areas include the inferior
parietal cortex (angular and supramarginal gyri), large parts of
the middle and inferior temporal gyri, and anterior portions of
the fusiform gyrus (Mesulam, 1985)” (Binder and Desai, 2011).

A second argument supporting the hypothesis that the
brain appears to use supramodal abstract representations during
conceptual work comes from patients with damage to the
lower and lateral temporal lobe. The clinical profile of semantic
dementia is marked by progressive atrophy in the temporal
lobe and loss of multimodal semantic memory (Hodges et al.,
1992; Mummery et al., 2000). Patients with semantic dementia
is characterized by a loss of conceptual knowledge, and this
loss may reflect the disruption of a central semantic hub or
the degeneration of a temporosylvian language network for
verbal concepts (Irish et al., 2014). These patients manifesting in
striking alterations in naming and comprehension (Irish et al.,
2016). These patients are “characterized by a clear dissociation
between marked single-word comprehension” (Agosta et al,
2010), unable to retrieve the names of objects, irregular word
reading deficits, identify the color the correct objects, and
sparing of fluency, phonology, syntax and working memory
(Binder and Desai, 2011).

Basically, these deficits do not seem to be categorical,
constituting further evidence that semantic impairment does
not imply strongly modal representations and, therefore, the
modular and supramodal systems are presented as an interactive
continuum of hierarchically ordered neuronal combinations,
supporting representations that are progressively more idealized
and combined (Binder and Desai, 2011). These systems
correspond to Damasio’s idea of areas of local convergence and
with Barsalou’s idea of systems of unimodal perceptual symbols
(Lambon Ralph et al., 2007). In addition to bottom-up input
within their associated modality, each system receives top-down
input from other modal and attention systems. These systems are
modal in the sense that their output is a analogic or isomorphic
representation of the information that they receive bottom-up
within their associated modality (Barsalou, 1999a).

As observed by Binder and Desai: “These modal convergence
zones then converge with each other in higher-level cortices
located in the inferior parietal lobe and much of the ventral
and lateral temporal lobe (...). One function of these high-
level convergences is to bind representations from two or more
modalities, such as the sound and visual appearance of an animal,
or the visual representation and action knowledge associated
with a hand tool (Wernicke, 1974; Damasio, 1989; Barsalou,
1999b; Patterson et al., 2007). Such supramodal representations
capture similarity structures that define categories, such as the
collection of attributes that place ‘pear’ and light bulb’ in
different categories despite a superficial similarity of appearance,
and ‘pear’ and ‘pine-apple’ in the same category despite
very different appearances (Rogers and McClelland, 2004).
More generally, supramodal representations allow the efficient
manipulation of abstract, schematic conceptual knowledge that
characterizes natural language, social cognition, and other forms
of highly creative thinking (Dove, 2011; Diefenbach et al., 2013)”
(Binder and Desai, 2011).

Non-declarative/Implied Memory
As noted, long-term memory refers to unlimited information
storage that can be maintained for long periods, even for life.
There are two types of long-term memory: declarative or explicit
memory and non-declarative or implied memory.

Implicit memory encompasses all unconscious memories, as
well as certain abilities or skills. There are four types of implicit
memory: procedural, associative, non-associative, and priming.
Each one is detailed below.

Procedural Memory: Habits and Skill
Procedural memory is the part of memory that participates
in recalling motor and executive skills that are necessary to
perform a task. It is an executive system that guides activity
and usually works at an unconscious level. When necessary,
procedural memories are retrieved automatically for use in the
implementation of complex procedures related to motor and
intellectual skills.

Development of these rote capacities occurs through
procedural learning, that is, by systematically repeating a
complex activity until acquiring and automatizing the capacity
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of all neural systems involved in performing the task to work
together.

The acquisition of skills requires practice. However, the simple
repetition of a task does not ensure skill acquisition. A skill is
thought to be acquired when behavior changes as a result of
experience or practice. This is known as learning and it is not
a directly observable phenomenon. Here we will discuss two
models for acquiring skills.

The first model comes from Fitts’s team (Fitts, 1954; Fitts and
Posner, 1967). These scientists propose an explanatory model of
skill acquisition, based on the idea of learning as a process in three
phases:

(a) Cognitive phase: The process begins with the acquisition
of knowledge about the factors that make up a particular
observed behavior. At this point, the psychological process
of attention is important. The skill to be acquired must
be broken down into its basic components and one must
understand how these components are combined to form a
whole in the correct execution of the task (Fitts, 1954; Fitts
and Posner, 1967).

(b) Associative phase: Individual repeated practice takes
place until there is an automatic response pattern. As
one progresses through this point, the actions that are
important for the implementation of a skill are learned and
become automated, just as any superfluous or ineffective
actions disappears. The individual sensory system acquires
the exact symbolic and spatial data required for the
appropriate execution of the skill (Fitts, 1954; Fitts and
Posner, 1967).

(c) Autonomous/procedural phase: This is the final phase and
it consists in perfecting acquired skills. The ability to judge
which stimuli are important and unimportant improves
and a lower level of conscious thought is required because
the skill becomes automated (Fitts, 1954; Fitts and Posner,
1967).

The other model corresponds to (Tadlock, 2005) and is called
Predictive Cycle. This model proposes that learning only requires
conscious maintenance of the desired end result. The model
consists of the following phases: Trial, error, implicit result
analysis, and decision-making at the implicit level of the way in
which execution of the next test must be changed for successful
implementation. These steps are repeated again and again until
the subject builds or remodels his/her neural network so that it
can guide the activity without the need for conscious thought.

A number of factors are involved when acquiring and
implementing skills, including attention and pressure. For the
acquisition of a new skill one must pay attention to the
steps to be undertaken. This process involves using working
memory to allow for connecting the different steps involved.
Procedural memory acquires the habit with the help of the
attention span, but it implies a lesser performance. However,
with practice, procedural knowledge is developed. Procedural
knowledge operates away from working memory, which allows
for the implementation of the most automated skills (Anderson,
1993). Meanwhile, pressure can affect the performance of a task

in two ways: choking or clutchness. The choking phenomenon
occurs when experienced and skilled performers fail under
stress. Auto-focus theories suggest that pressure causes an
increase in anxiety and self-consciousness concerning correct
execution. This ends up causing increased attention directed
toward processes directly involved in the execution of the skill
(Beilock and Carr, 2001). On the other hand, the attention
span allows the habit to be acquired in refers to giving a top
performance on a given task when pressure is highest.

Because they are especially relevant, we will briefly outline
brain components involved in the acquisition of new skills and
habits, including the basal ganglia, cerebellum and limbic system.

As Christos and Emmanuel explain (Constantinidis and
Procyk, 2004), “basal ganglia are formed by several sub-
structures: the striatum, the globus pallidus, the substantia nigra,
and the subthalamic nucleus.” The basal ganglia are a collection
of nuclei found on both sides of the thalamus, outside of
and around the limbic system, but below the cingulate gyrus
and within the temporal lobes. The striatum or striate nucleus
is the main gateway for information to the basal ganglia. In
turn, the striatum receives information from the cerebral cortex.
Essentially, there are two parallel processing paths that depart
from the striatum, each of which acts in opposition to each
other in the control of movement and enables associations with
other relevant functional structures (Beilock and Carr, 2001).
Both work together as a neuronal feedback loop. There are many
circuits that reach the striatum from other brain areas, including
the limbic cortex (associated with emotional processing); the
ventral striatum (related to the processing of rewards), and other
important motor regions involved in movement (Alexander and
Crutcher, 1990). Currently, striatal neuronal plasticity enables
basal ganglia circuits to interact with other structures and
thereby contribute to the processing of procedural memory
(Haber et al., 2000).

The cerebellum is involved in the execution of movements
and the perfection of motor agility needed procedural skills.
Damage to this area can impede one from relearning motor skills
and recent studies have linked it to the process of automating
unconscious skills during the learning phase (Kreitzer, 2009).

The limbic system shares anatomical structures with a
component of the neostriatum, which assumes primary
responsibility for the control of procedural memory. There is
a special protein membrane associated with the limbic system
that runs through the nucleus basalis. Thus, activation of brain
regions that work together during the operation of procedural
memory can be followed through the protein membrane
associated with the limbic system.

As a final note on procedural memory, whereas earlier theories
proposed a passive role whereby memories were shielded from
interfering stimuli during sleep (Vertes and Eastman, 2000;
Vertes, 2004), current theories suggest a more active role in
which memories undergo a process of consolidation during
sleep (Ellenbogen et al., 2006). Furthermore, in human beings,
this process of consolidation is thought to contribute to the
development of procedural knowledge, especially when it occurs
right after the initial phase of memory acquisition (Karni et al.,
1994; Gais et al.,, 2000; Stickgold et al., 2000a,b; Saywell and
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Taylor, 2008). Within the scope of motor skills related to
procedural memory, there is evidence to show that there is
no improvement in skills if followed by short NREM sleep
(stages 2—4 sleep), such as a short nap (Walker et al, 2002).
However, REM sleep (a sleep phase with an increased frequency
and intensity of the so-called dream state) followed by a period of
slow wave sleep has proven to be the most effective combination
for procedural memory consolidation, especially immediately
following skill acquisition (Siegel, 2001).

Associative Memory: Classical and Operant
Conditioning

Associative memory refers to the storage and retrieval of
information through association with other information. The
acquisition of associative memory is carried out with two types
of conditioning: classical conditioning and operant conditioning.
Classical conditioning is associative learning between stimuli and
behavior. Meanwhile, operant conditioning is a form of learning
in which new behaviors develop in terms of their consequences.
Associationist philosophers have also worked with the latter
model (Hartley, 1749; Mill, 1829). We will look more closely at
both.

The close association between two stimuli over time causes
classical conditioning: first a conditioned stimulus and then
an unconditioned stimulus. While a conditioned stimulus does
not automatically trigger a response, an unconditioned stimulus
does just that. By repeating a conditioned stimulus over time
before an unconditioned stimulus, a conditioned stimulus
acquires characteristics that simulate being necessary for an
unconditioned stimulus. Pavlov’s Dog (Pavlov, 1927) is a clear
example. The dog produces saliva when it detects the presence
of food (unconditioned stimulus). If the sound of a bell goes off
(conditioned stimulus) during the act of giving the dog food,
the dog will associate the sound of the bell with the presence
of food. In successively repeating this, the dog will associate
the unconditioned stimulus with the conditioned stimulus, thus
producing saliva when just hearing the bell.

Although Skinner is considered to be the originator of
operant conditioning, his research drew upon Thorndikes
law of effect. For operant conditioning, as has already been
mentioned, positive consequences following a behavior promote
its repetition. Conversely, if the behavior involves negative
consequences, the behavior will be repeated less. Thorndike
(1932) called this conditioning instrumental because it suggests
that the behavior serves as a means to an end and emerges from
trial and error. Skinner later coined the term that is now widely
associated with this law of effect — reinforcement (Skinner, 1938).

Non-associative Memory: Habituation and
Sensitization

Non-associative memory is one of three types of non-declarative
or implicit memory and refers to newly learned behavior through
repeated exposure to an isolated stimulus.

New behavior can be classified into two processes:
sensitization and habituation (Alonso, 2008). Before delving
into each process, it is worth noting that the simplicity in
acquiring this type of memory has advanced knowledge of the

learning process. This is due to the fact that both animals and
human beings have these two processes, such that it is very
likely that, in this regard, they share a molecular biological
basis. Kandel (1976) proposed a model to explain habituation
and sensitization’s operation mechanism. On one hand, for
habituation, acetylcholine is progressively consumed, decreasing
the effectiveness of the stimulus and thus the motor response.
Furthermore, for sensitization, the presence of serotonin,
secreted by another sensory nerve terminal, causes an excess of
acetylcholine. Thus an enhanced motor response emerges. Lets
look at the two processes that take place in the acquisition of new
behaviors— processes that are part of non-associative memory,
habituation and sensitization.

Habituation, in this context, is linked to repetition. The
repetition of a stimulus leads to a decrease in its response, which
is known as habituation. Repeated exposure to a stimulus serves
to stop responding to potentially important, but situationally
irrelevant stimuli. Habituation could be due to a process of
synaptic depression as a result of repeated activation. Thus,
habituation is thought to be related to a decrease in the efficiency
of synaptic transmission, a decrease that may be caused by a
conductivity change in the membrane of the stimulated neuron’s
iconic channels.

Unlike habituation, sensitization consists in an increase
in response to a stimulus due to the repeated introduction
thereof. Although the processes that produce sensitization are
the same as those that produce habituation, sensitization’s
effects are the opposite since it results in an increase of the
original response. The process of sensitization may be due
to a provision in transmission, whether it be presynaptic or
postsynaptic.

Priming

Priming, the fourth modality of non-declarative or implicit
memory, is an effect whereby exposure to certain stimuli
influences the response given to stimuli presented later.

An example is in order. If you present a list of words to a
person that contains the word ‘ball; and then the person is asked
to participate in a task to complete words, they are more likely to
respond with the word ball to the presentation of the word bowl
than if they had not previously seen that word in the original list.
Thus, the priming capacity can affect the choice of a particular
word on a test to complete words, even long after conscious
recollection of the primed words has been forgotten.

Another context where this can be seen is in asking a
participant to identify an image from a small fragment. The
participant is shown a larger portion of the image over time,
giving them the ability to identify the image at the end. The
participant will take longer to identify the image if it is the first
time he/she sees it. But if he/she already saw it in a previous trial,
he/she takes less time (Kolb and Whishaw, 2003).

FUTURE DIRECTIONS

In spite of recent progress, a number of important questions
remain to be tackled.
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Many of these questions have to do with molecular processes
of memory consolidation, retrieval, and decay. Take, for instance,
the processes underlying the LTP of synaptic strength among
neurons of the hippocampus (Dong et al., 2015). In their review,
Hardt et al. (2013) point out that while the “molecular processes
involved in establishing LTP have been characterized well, the
decay of early and late LTP is poorly understood.” One possibility
that has recently been suggested is that LTP decay is mediated
by AMPAR endocytosis, which in turn implies that inhibition of
this process could preserve LTP and help to prevent memory loss
(Dong et al., 2015).

Other recent work shows the critical role of dopamine
as a signal that promotes the stable incorporation of novel
information into long-term hippocampal memory (Otmakhova
et al, 2013). Indeed, dopamine neurons can be activated
by novelty in the absence of reward and it is thought that
this activation occurs via a polysynaptic pathway that runs
from the hippocampus to the dopamine cells of the VTA.
However, many aspects of this process remain unclear (see
Otmakhova et al., 2013).

Also requiring further investigation are the molecular
processes involved in the regulation of protein synthesis related
to memory. It is now thought that protein synthesis is not only
involved in the consolidation of new memories, but must also
be used to re-consolidate memories that have been degraded
or “destabilized” as a result of retrieval. In a recent article,
Jarome et al. (2016) indicate that CaMKII controls the re-
consolidation process through the regulation of proteasome
activity. Another mechanism for the regulation of protein
synthesis involves MicroRNAs (miRNAs), a class of short, non-
coding RNAs. By regulating components of pathways required
for learning and memory, miRNAs modulate the influence of
epigenetics on cognition in the normal and diseased brain
(Saab and Mansuy, 2014).

Another set of important questions relates to the long-
standing hypothesis of “Hebbian learning”—the strengthening
of synapses between neurons with correlated activity—and
its role in memory. At the same time that we are learning
more about the mechanisms involved in Hebbian plasticity,
we are also learning about how these mechanisms are
complemented by synaptogenesis and neuromodulatory
processes. Recent research has shown that synaptogenesis
is not only important during development, but also plays a
central role in associative learning and memory. Synaptogenesis
can be triggered by neuron-astrocyte or neuron-neuron
contact, and mediated by cell-adhesion proteins including
neurexin/neuroligin, Eph receptors, and cadherins, which
activate intracellular signaling pathways involving cofilin,
GTPases, and other proteins (for a review see Nelson and
Alkon, 2015). Others have proposed that Hebbian processes,
while important, are not sufficient for memory formation,
and must be supported by the activation of neuromodulatory
processes, especially in the case of associative aversive learning
(Johansen et al., 2014). Another study found evidence for both
Hebbian and anti-Hebbian mechanisms of synaptic plasticity,
indicating that the mechanisms of learning are highly adaptable
(Koch et al., 2013).

Finally, other questions relate to the special role of
the amygdala in the emotional enhancement of memory
consolidation. It has long been known that emotional arousal
contributes to the selection and consolidation of memory. It
has also been shown that previously weak or inconsequential
information can be strengthened retroactively through an
emotional learning experience (Dunsmoor et al., 2015). Evidence
suggests that it is the amygdala that is most responsible for
the enhancement of memory (de Voogd et al, 2016). As
suggested by a review, these developments “will likely lead to
an updated view of the amygdala as a critical nexus within
large-scale networks supporting different aspects of memory
processing for emotionally arousing experiences” (Hermans et al.,
2014). Moreover, this research is likely to have important
implications for the treatment of psychological disorders
(Beckers and Kindt, 2017).

CONCLUSION AND GLOSSARY

There are three main forms of memory: sensory memory,
short-term memory, and long-term memory (Figure 3). Sensory
memory refers to the retention of information coming from
the senses. Short-term memory refers to information processed
in a short period of time. Working memory performs this
processing. Working memory consists of four elements that
process information: the central executive (attention control),
the visuospatial sketchpad (creates and maintains a visuospatial
representation), the phonological buffer (stores and consolidates
new words), and the episodic buffer (stores and integrates
information from different sources). Long-term memory allows
us to store information for long periods of time. This information
may be retrieved consciously (explicit memory) or unconsciously
(implicit memory). Explicit memory consists of episodic memory
(time-related events) and semantic memory (concepts and
meanings). Implicit memory has, in turn, procedural memory
(motor and executive skills), associative memory (classical and
operant conditioning), non-associative memory (sensitization
and habituation), and priming (a primary stimulus influencing
a secondary one).

Finally, the following glossary includes commentary about the
terminology that, in our opinion, is essential for an introductory
overview, enabling interested students and professionals to
effectively approach the latest memory-related discoveries. This
commentary is not intended as an exhaustive definition, but
rather collects relevant information to situate the reader within
a complex panorama.

Associative memory: refers to the storage and retrieval of
information resulting from an association (i.e., resulting from an
association with other information). Two types of conditioning
are involved in its acquisition: classical conditioning and operant
conditioning. Classical conditioning is a kind of associative
learning between stimuli and behavior, and operant conditioning
is a form of learning in which new behaviors develop in terms of
their consequences.

Conceptual short-term memory/episodic buffer: This is a
temporary storage system capable of integrating information
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Sensory memory

Memory

FIGURE 3 | Memory classification.

Haptic memory

Echoic memory

Iconic memory

from different sources that is probably controlled by the
central executive. It is episodic in that it has episodes in
which information is integrated through space and, potentially,
extended through time.

Echoic memory: sensory memory that receives and processes
auditory information.

Episodic memory: “involves the ability to learn, store,
and retrieve information about unique personal experiences
that occur in daily life. These memories typically include
information about the time and place of an event, as
well as detailed information about the event itself”
(Dickerson and Eichenbaum, 2010).

Frontiers in Pharmacology | www.frontiersin.org

June 2017 | Volume 8 | Article 438


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Camina and Guell

Memory: Current Models and Their Origins

Explicit/declarative memory: refers to conscious memories
of previously stored experiences, facts and concepts that are
verifiable through a verbal reporting of them (Tulving, 1972).

Haptic memory: sensory memory that receives and processes
information from the sense of touch.

Iconic memory: visual-sensory memory that receives and
processes visual stimuli.

Implicit/non-declarative memory: this encompasses all
unconscious memories, as well as certain abilities or skills.
There are four types of implicit memory: procedural, associative,
non-associative, and priming memory.

Long-term memory: “refers to the unlimited, continuing
memory store that can hold information over lengthy periods
of time, even for an entire lifetime. Long-term memory is
mainly preconscious and unconscious. Information in long-term
memory is to a great extent outside of our awareness, but can be
called into working memory to be used when needed. Some of
this information is easy to recall, but some is much more difficult
to access” (Brodziak et al., 2013).

Non-associative memory: refers to newly learned behavior due
to repeated exposure to a single stimulus. The new behavior can
be classified into two processes: sensitization and habituation.

Perceptual memory: memory acquired through the senses. It
includes a lot of individual experience; it ranges from the simplest
forms of sensory memory to the most abstract knowledge.

Priming: an effect whereby exposure to certain stimuli
influences the response to subsequently presented stimuli.

Procedural memory: a memory area involved in remembering
executive and motor skills necessary to perform a task. It is
an executive system that guides activity and usually works on
an unconscious level. When necessary, procedural memories
are automatically retrieved for use in the implementation of
integrated procedures related to motor and intellectual skills.

Semantic memory: refers to the memory of meanings,
interpretations and concepts related to facts, information and
general knowledge about the world. Semantic memory gives
meaning to words and phrases that would otherwise be
meaningless and allows for learning based on past experience
(Kolb and Whishaw, 2003).

Sensory memory: “Sensory memory is the capacity for briefly
retaining the large amounts of information that people encounter
daily” (Siegler and Alibali, 2005).
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Alzheimer’s disease (AD) is the most common neurodegenerative disorder, affecting
approximately more than 5% of the population worldwide over the age 65, annually.
The incidence of AD is expected to be higher in the next 10 years. AD patients
experience poor prognosis and as a consequence new drugs and therapeutic strategies
are required in order to improve the clinical responses and outcomes of AD. The purpose
of the present study was to screen a certain number of potential compounds from
herbal sources and investigate their corresponding mode of action. In the present
study, the learning and memory effects of ethanol:water (8:2) extracts from Hericium
erinaceus were evaluated on a dementia rat model. The model was established by
intraperitoneal injection of 100 mg/kg/d D-galactose in rats. The results indicated that
the extracts can significantly ameliorate the learning and memory abilities. Specific active
ingredients were screened in vivo assays and the results were combined with molecular
docking studies. Potential receptor-ligand interactions on the BACE1-inhibitor namely,
3-Hydroxyhericenone F (BHF) were investigated. The isolation of a limited amount
of 3HF from the fruit body of H. erinaceus by chemical separation was conducted,
and the mode of action of this compound was verified in NaNgz-induced PC12 cells.
The cell-based assays demonstrated that 3HF can significantly down-regulate the
expression of BACE1 (p < 0.01), while additional AD intracellular markers namely,
p-Tau and ABy_4o were further down-regulated (p < 0.05). The data further indicate
that 3HF can ameliorate certain mitochondrial dysfunction conditions by the reversal
of the decreasing level of mitochondrial respiratory chain complexes, the calcium
ion levels ([Cat]), the inhibiton in the production of ROS, the increase in the
mitochondrial membrane potential and ATP levels, and the regulation of the expression
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levels of the genes encoding for the p21, COX I, COX I, PARP1, and NF-kB
proteins. The observations suggest the use of H. erinaceus in traditional medicine
for the treatment of various neurological diseases and render 3HF as a promising
naturally occurring chemical constituent for the treatment of AD via the inhibition of

the B-secretase enzyme.

Keywords: molecular docking, regulatory mechanism, Hericium erinaceus, active pharmaceutical ingredient,
functional foods, 3-Hydroxyhericenone F, Alzheimer’s disease

INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative
disorder, affecting approximately more than 5% of the worldwide
population over the age 65, annually. The incidence of the
disease is expected to increase in the next 10 years. Despite
significant advances in the therapeutic strategies developed for
several diseases, AD remains an incurable disease to the majority
of the population. AD patients experience poor prognosis and
consequently new drugs and therapeutic strategies are required
to improve the clinical response and outcome of the patients. AD
is a chronic neurodegenerative disease that frequently exhibits a
slow progression that is accompanied by a greater recession of
the disease over time. The cause of AD is poorly understood,
and among various biochemical and morphological events, the
presence of neurofibrillary tangles, senile plaques, neuronal and
synaptic loss is notably noted (Abbott, 2011). Mitochondrial
dysfunction and an accumulation of reactive oxygen species
promote redox imbalance and B or tau-induced neurotoxicity
(Islam, 2017).

Several studies have documented that mitochondrial
dysfunction is related to the aging process and to
neurodegenerative disorders (Hirai et al., 2001; Calkins

and Reddy, 2011; Swerdlow et al, 2013; Cha et al., 2015).
Mitochondria play a central role in the production of ATP
as a source of cellular energy via oxidative phosphorylation
(Simpkins and Dykens, 2008). In addition, mitochondria
exert central roles in apoptosis signaling, lipid synthesis,
and intracellular calcium buffering. Mitochondrial functions
are less efficient during brain aging and/or brain damage
(Cho et al,, 2010). Mitochondrial abnormalities have been
identified in AD and related neurodegenerative disorders
(Reddy, 2011). AB has been detected in mitochondria (Thal et al.,
2013; Rijal Upadhaya et al., 2014) and has been reported to be
transported into the intermembrane space of the mitochondria
by the enzyme translocase of the outer mitochondria membrane
(Chen and Yan, 2007; Hansson Petersen et al., 2008; Wang
et al, 2009). Previous studies demonstrated that AB might
disrupt mitochondrial function via inhibition of key enzymes in
respiratory metabolism, such as a-ketoglutarate dehydrogenase,
pyruvate dehydrogenase, and cytochrome oxidase (Casley et al.,
2002; Crouch et al., 2005). In addition, the enzyme AP-binding
alcohol dehydrogenase (ABAD) interacts with AB and induces
AB-mediated toxicity in mitochondria, via the generation of
ROS (Lustbader et al, 2004). Furthermore, over-expression
of APP and/or exposure to AP have been shown to induce
mitochondrial fragmentation and abnormal distribution, which

result in mitochondrial and neuronal dysfunction (Barsoum
et al., 2006; Rui et al., 2006; Wang et al., 2008). Certain studies
have suggested dysfunction of mitochondria in Tauopathy
patients and disease models (Bratic and Trifunovic, 2010; DuBoff
et al.,, 2012), based on the reduced levels of the mitochondrial
metabolic proteins including pyruvate dehydrogenase, ATP
synthase, and Complex I (David et al., 2005; Rhein et al., 2009).
The mitochondrion is the main source of ROS in the intracellular
space, and the over-production of superoxide radical (O3 ™) and
hydroxyl radical (TOH), due to additional oxidative damage,
causes an unrepaired damage to the mitochondrial DNA, thus
leading to a functional defect in Complexes I and/or III (Islam,
2017). The aforementioned findings indicate that oxidative stress
and mitochondrial dysfunction are associated with AD.

Amnesia is the loss of memory that is caused by hippocampal
or medial temporal lobe damage and is a main clinical symptom
of AD. During the past years, numerous studies have investigated
the molecular mechanisms of learning/memory. As a reducing
sugar, D-galactose is able to form advanced glycation end
products (AGEs). Administration of D-galactose to human
populations can induce cognitive deficits and disruptions in
the synaptic communication. Thus, D-galactose-treated rats
have been extensively used as a rodent model with synaptic
disruption and memory impairment (Huang et al,, 2016). The
majority of the drugs, including some extracts from traditional
Chinese medicines, have been tested for their ability to reverse
D-galactose-induced memory deficits (Zhan et al., 2014; Gao
etal, 2016; Li et al., 2016).

Sodium azide (NaN3) is a well-known COX inhibitor, which
has been utilized over the last 20 years to induce metabolic
compromise, resulting in an increase in amyloid production
and the changes in the phosphorylation state of the tau protein
(Selvatici et al., 2013; Delgado-Cortés et al., 2015). NaN3 has been
further shown to cause memory deficit and neurodegeneration in
rats (Szabados et al., 2004), and is a more potent oxidative stress
inducer compared with H,O, (Gao et al., 2007).

Hericium erinaceus belongs to the division of Basidiomycota
and the class of Agaricomycetes and is an edible and medicinal
mushroom. It is widespread across the continents as a delicacy
and replaces pork and/or lamb in the Chinese vegetarian cuisine.
H. erinaceus is rich in active constituents namely, diterpenoids,
steroids, polysaccharides, and other functional ingredients that
are used as natural plant resources. H. erinaceus exerts a plethora
of biological effects namely, cognitive improvement (Mori et al.,
2009), stimulation of nerve growth factors (Mori et al., 2008)
and nerve cells (Wong et al., 2007) and hypoglycemic and
anti-cancer effects (Kim et al., 2014; Li G. et al., 2014). Based
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on the aforementioned studies it was assumed that H. erinaceus
may have potential activity on the treatment of AD, although no
reports regarding the pharmacologically active ingredients and
their corresponding mode of action have been documented. In
the present study, the effects of ethanol:water (8:2) extracts from
H. erinaceus were investigated on the amelioration of learning
and memory processes in a D-galactose-induced deficit rat model.
Subsequently, the specific active ingredients were screened by
molecular docking studies, in order to identify novel biological
components and novel modes of action for the treatment of
AD. Furthermore, a NaN3-induced PC12 cell model was used to
confirm the molecular docking studies.

MATERIALS AND METHODS

Learning and Memory Effects Evaluation
D-Galactose-Induced Deficits Rats Prepared and
Treatment

Adult male Sprague Dawley rats (180-220 g, obtained from
Center of Laboratory Animal of Guangdong Province, SCXK
[Yue] 2008-0020, SYXK [Yue] 2008-0085) were pair-housed in
plastic cages in a temperature-controlled (25°C) colony room
at a 12/12-h light/dark cycle. Food and water were available
ad libitum. All experimental protocols were approved by the
Center of Laboratory Animals of the Guangdong Institute of
Microbiology. All efforts were made to minimize the number of
animals used.

The rats were randomly divided into four groups as follows:
control group that received oral distilled water, model group
that received intraperitoneal injection (i.p) of 100 mg/kg/d
D-galactose (Zhong et al., 2016; Liang et al.,, 2017), low-dose
group that received i.p D-galactose (100 mg/kg/d), and gavage
at a dosage of 50 mg/[kg-d] in ethanol:water (8:2) extracts from
H. erinaceus (EH), and high-dose group that received D-galactose
i.p (100 mg/kg/d) and gavage at a dosage of 100 mg/[kg-d] in
ethanol:water (8:2) extracts from H. erinaceus (EH) every day in
the morning, the dose of EH was according to other literatures
(Zhang et al., 2016) proved that H. erinaceus extracts at doses of
0.3, 1.0, and 3.0 g/kg for 4 weeks can significantly enhanced the
Ach and ChAT concentrations in serum and the hypothalamus in
the AICl3- and D-gal-induced AD mice. Every group consisted of
eight animals and the procedure duration was 8 weeks.

Water Maze Tests

Rat spatial learning and memory abilities were tested in the
Morris water maze (MWM, DMS-2, Chinese Academy of
Medical Sciences Institute of Medicine). The MWM consisted
of a circular opaque fiberglass pool (200-cm diameter) filled
with water (25 £ 1°C). The pool was surrounded by light blue
curtains, and three distal visual cues were fixed on the curtains.
A total of four floor light sources of equal power provided
uniform illumination to the pool and testing room. A CCD
camera was placed above the center of the pool in order to
record animal swim paths. The video output was digitized by an
EthoVision tracking system (Noldus, Leesburg, VA, USA). The
water maze tests included three periods: initial spatial training,

spatial reversal training, the probe test and the procedures same
to those described previously (Chen et al., 2014).

ADs’ Parameters Measurement

The appearance, behavior and the fur color of the animals
were observed and documented every day. Animal weight
was measured every 3 days during the drug administration
period. Following the water maze testing, the blood and serum
were acquired. Routine index and cytokines (Wang et al., 2016)
were measured and the brains of the animals were dissected.
A total of four brains from each group were fixed in 4%
paraformaldehyde solution and prepared as paraffin sections.
The sections were stained with hematoxylin-eosin (H&E)
and immunohistochemistry staining and observed under light
microscopy (Zeng et al., 2013; Chen et al., 2014).

Molecular Docking of the Compounds
Derived from H. erinaceus to the Human
B-Secretase (pB-site Amyloid Precursor

Protein-Cleaving Enzyme 1; BACE1)

The pdb file regarding the crystal structure of human BACE1
with co-crystal ligand (N-[(1R)-1- (4- fluorophenyl) ethyl]-
N’-[(28,3S)-hydroxy-1-phenyl-4-(1H-pyrazol-1-yl)butan-2-yl]-
5-[methyl (methyl sulfonyl)amino] benzene -1,3-dicarboxamide;
ZPX394) at the active binding site (3UQU.pdb) was downloaded
from the RCSB protein data bank' and prepared by deletion of
the co-crystal ligand, water, urea, SOi_ and CI~! molecules.
Subsequently, hydrogen atoms were added to the model and the
pH of the protein was adjusted to 7.4. For ligand preparation, the
2D structures of the compounds from H. erinaceus were sketched
using ChemOffice 2004 and converted into 3D images using the
prepare ligands module. The compounds were minimized with
Smart Minimizer method using CHARMm force field in DS. The
molecular docking procedure was carried out by site-features
directed docking (LibDock) for the screen of potent candidates,
while the investigation of receptor-ligand interactions was
conducted using Discovery Studio 2.5 (DS2.5) according to
previously published studies (Panek et al., 2017). The binding
site of the protein was defined for all the atoms within 9 A. The
top 10 poses of the docking study were selected on the basis of
LibDockScore rank. The interactions between the identified lead
compounds and the BACE1 protein were analyzed.

Verification Tests of the Molecular

Docking Studies

Preparation of the 3HF

Dried material was loaded onto a column that was eluted with
twofold greater volume of petroleum ether:ethanol (9:1, PE)
for the volatile compounds and the fatty acid fraction. The
samples were sequentially eluted with fourfold greater volume
of ethanol:water (8:2) for the crude extraction and the elute
was dried and loaded on the D-101 macroporous resin. The
samples were subsequently eluted with twofold greater volume
of petroleum ether and fourfold greater volume of acetone

'http://www.pdb.org
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consecutively. The acetone elute was collected and evaporated to
dryness. The extraction and separation process was developed in-
house and the patent application is pending, and the extraction
steps showed in Figure 5A.

Cell Culture and Treatment

PC12 cells were obtained from the American Type Culture
Collection (Rockville, MD, USA). They were maintained in
DMEM supplemented with 10% FBS at 37°C in a humidified
atmosphere of 95% air and 5% CO; and seeded in 25 cm? culture
dishes (Chen et al., 2013). The cells were initially stabilized at
37°C for 24 h, at 80% of confluence, and subsequently cultured in
serum free medium following passaging. The cells were incubated
with different concentrations of 3HF (final concentrations: 0.05,
1.00, and 1.50 pg/ml) for 2 h. NaN3 was incubated at a final
concentration of 0.03 mM to the cell culture for an additional
24 h. All the cells used in the present study were undifferentiated.

Cell Viability Assay

The cell viability of PC12 following treatment of 3HF was
measured by quantitative colorimetric assay using the cell
counting kit-8 (CCK-8, Dojindo Laboratories, Japan) assay. The
assay was conducted as described previously (Xiong et al., 2015).
The cells were seeded in 96-well culture plates at a density of
2 x 10* cells/well. Following drug treatment, 10 pL/well of CCK8
solution was added, and the cells were incubated at 37°C for 1 h.
The optical density of each well was determined at 450 nm using a
microplate reader (RT-2100C, USA). Cell viability was expressed
as percentage of survival compared with the non-treated control.
The data are presented as the mean and standard error of the
mean (SEM) for three independent experiments.

Measurement of Intracellular ROS Production,
Mitochondrial Membrane Potential, and [Ca2™];

The intracellular ROS level was measured using the 2/,
7'-dichlorofluorescein diacetate (DCFH-DA) method (Chen
et al., 2013), whereas the mitochondrial membrane potential was
measured using rhodamine 123 fluorescent dye (Chen et al.,
2013). The calcium ion concentration [Ca’t]; was measured
using the Fura-2/AM fluorescent dye (Chen et al., 2013). The
results are expressed as percentage of activity compared with the
non-treated control.

Measurement of Intracellular F1Fg-ATPase, ATP, and
NADH-CoQ Levels

The cells were seeded in 25 cm” culture dishes. At 80%
confluence, the cells incubated with different concentrations
of 3HF (final concentrations: 0.05, 1.00, and 1.50 pg/ml) for
2 h. NaN3 was used at a final concentration of 0.03 mM and
was subsequently added to the culture for an additional 24 h.
At the end of the drug treatment, the cells were washed with
D-Hanks solution, scraped from the plates in the presence of
1 mL ice-cold PBS (0.1 M, containing 0.05 mM EDTA) and
homogenized. The homogenate was centrifuged at 4,000 x g
for 10 min at 4°C. The resulting supernatants were stored
at —80°C until further analyses. The activity of the enzymes
F1Fy-ATPase, NADH-CoQ reductase and the ATP levels within

2

the mitochondria was determined using corresponding kits as
demonstrated previously (McKenzie et al., 2007). The protein
concentration of the cells was determined using the Coomassie
Brilliant Blue G250 assay. The enzyme activities and protein
content were all determined using the Detection kits purchased
from Nanjing Jiancheng Bioengineering Insititute (Nanjing,
Jiangsu, China). The procedures were carried out according to
the manufacturer instruction. The levels were normalized to
the protein concentration of each sample and expressed as a
percentage of activity compared with the non-treated control.

Cell Mitochondrial Morphology

The presence of viable mitochondria was identified by
Mito-tracker green (Molecular Probes, Beyotime, Shanghai,
China) staining as described by Chang et al. (2014) with minor
modifications. The stock solution of Mito-tracker green was
prepared at a concentration of 1 mM in DMSO and stored at
—20°C. The cells were stained in PBS with Mito-tracker Green
(0.2 mM) at 37°C for 10 min. Following washing of the samples
with PBS, the embryos were visualized using a fluorescent
microscope at 490 nm.

Transmission Electron Microscopy (TEM)

The cells were fixed in 2.5% glutaraldehyde in PBS (pH 7.3).
Following treatment with 1% osmium tetroxide solution (OsOy),
2% uranylacetate (UA) and dehydration in ethanol and acetone
solvents, the samples were embedded in epoxy resin and
polymerized for 48 h at 60°C. Ultrathin sections were cut using
an ultramicrotome and placed on copper net (150 mesh). The
sections on the grids were post-stained for 2 min with 1% UA,
and for 6 min with 1% lead citrate by the addition of single
drops of the staining solution at room temperature. The sections
were rinsed in deionized water, dried and finally observed using a
H7650 electron microscope (Hitachi, Tokyo, Japan), as described
in previous studies (Ghobeh et al., 2014).

COX 1, COX I, NF-kB, Caspase-3, and Caspase-9
Assays

Following drug treatment, the cells were washed with D-Hanks
solution, scraped from the plates in the presence of 1 mL ice-
cold PBS (0.1 M, containing 0.05 mM EDTA) and homogenized.
The homogenate was centrifuged at 4,000 x g for 10 min at
4°C. The resulting supernatants were kept at —80°C until further
analyses. The activities of COX I, COX II, NF-kB, Caspase-3,
and Caspase-9 enzymes were measured by the Detection kits
purchased from Cloud-Clone, Corp. (Houston, TX, USA). The
procedures were carried out according to the manufacturer
instruction. The levels of enzyme activity were normalized
according to the protein concentration of each sample and
expressed as a percentage of activity compared with non-treated
control.

Preparation of Total RNA and Quantitative Reverse
Transcriptase PCR (Q-RT PCR)

Cells were seeded in 25 mL plastic flask at a density of 2 x 10°
cells/mL and incubated with different concentrations of 3HF
(final concentrations: 0.05, 1.00, and 1.50 pg/ml, respectively) for
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2 h. NaNj3 was used at a final concentration of 0.03 mM and was
added to the culture for an additional 4, 8, or 24 h. The cells
were harvested and the total RNA was extracted using Trizol
reagent, whereas the remaining DNA was removed by DNase
I. Consequently, purified RNA was obtained and the yield and
purity was calculated by spectrophotometric estimation of the
OD value at 260 and 280 nm respectively (k2800, Beijing Kai’ao
Company).

A g-RT PCR assay was conducted using RNA obtained from
PC12 cells. The expression levels of p21, PARP1, and NF-«kB
in mitochondria were examined. Amplification was carried out
using ABI ViiA 7 Detection System and Hema9600 PCR (Zhuhai
Heima medical equipment corporation) instruments. The mRNA
levels of a control group were used as the baseline; As a result,
AACt was calculated using the formula AACE = ACy of target
gene —ACr of the baseline. The fold change of the mRNA levels
was calculated as fold = 272ACT, The PCR primer sequences
were as follows: sense: TCTTCTGCTGTGGGT CAGGAGG and
antisense: GGCAGGCAGCGTATATCAGGAGA for p21;sense:
TGCTGTCAAGGAGGA AGGTGTC and antisense: TCCAGGA
CGTGTGCAGAGTGTT for PARP1; sense: TGAGGAAGAGGC
ATG TAGAGACT and antisense: ACTGGCACTTCGGACA
ACAGAAG for NF-kB.

Western Blotting Analysis

Cells were seeded in 6-well culture plates at 5 x 10° cells/well
and were washed twice with D-Hanks solution following drug
treatment. The cells were harvested and lysed with protein lysis
buffer and the concentration of the protein was determined
using the Coomassie Brilliant Blue G250 assay kit (Nanjing
JianCheng Bioengineering Institute, China). Protein samples
were separated by SDS-PAGE electrophoresis for 1.5 h at 90 V.
The separated proteins were transferred to PVDF membranes
using a transblotting apparatus (Bio-Rad Laboratories, USA)
for 90 min at 90 V. The membranes were blocked with 5%
(w/v) non-fat milk in TBS-T (Tris-buffer saline containing 0.1%
Tween-20) at room temperature for 30 min and subsequently
incubated at 4°C overnight with appropriate amount of primary
antibody against BACE1 (ab183612), p-Tau (ab64193), APi_4
(ab201060), PARP1 (ab191217), p21 (ab80633), and NF-kB p65
(ab16502) proteins. The primary antibodies were purchased
from Abcam, Cambridge, UK, with the exception of the
antibody for ARP1 (sc-393500) that was purchased from Santa
Cruz Biotechnology, Inc. Following binding with the primary
antibody, the membrane was washed with TBS-T once for 15 min
and subsequently for 5 min for three times. The membrane
was probed with horseradish peroxidase-conjugated secondary
antibody at 4°C overnight. Incubation of the membranes with
primary antibody against GAPDH at 4°C overnight, followed
by a horseradish peroxidase-conjugated goat anti-mouse IgG at
37°C for 2 h was used as a loading control. The membrane
were further washed with TBS-T for three times and the protein
bands were visualized by ECL western blotting detection reagents
(Amersham Biosciences, Buckinghamshire, UK).

Statistical Analysis
Data are expressed as mean £ SD. Multiple group comparisons
were conducted using one-way and two-way mixed analysis of

variance (ANOVA) followed by Dunnett’s test in order to detect
inter-group differences. A difference was considered statistically
significant if the p-value was less than 0.05. Statistical Package for
the Social Science (SPSS 17.0, SPSS Inc.) was used for statistical
analysis in this study.

RESULTS

Effects on Learning and Memory

Animal Appearance and Weight Control

The fur of the EH-treated animals was apparently smoother
compared with that of the model group, which indicated that
treatment with the EH can retain the fur at a healthy state. The
weight records indicated that there were no significant difference
(F = 2.55, p > 0.05) in the average weight change rate between
the treated and the model groups, as shown in Figure 1A. The
mean weight of the animals was approximately 330 & 11.27 g at
the beginning and 475 £ 20.00 g at the end of the experiment,
which implied that the drugs exhibited no serious adverse effects
on the animal weight.

Effects on Behavior
The incubation period for each EH-treated group
(62.85 & 11.97 s) was significantly shorter in length compared
with that noted in the model group. The low-dose EH group
incubation period was 74.16 + 15.61 s, while the incubation
period for the high-dose EH group was 66.73 £ 10.56 s on the
first day. The differences noted in the incubation periods of the
aforementioned groups were significant (F = 9.66, p < 0.05)
compared with those noted in the model group (incubation
period of 94.25 £ 12.20 s). On the fifth day, the low-dose EH
group incubation period was 24.94 £ 5.30 s, whereas for the
high-dose group the corresponding value was 21.98 £ 4.71 s.
The differences were significant compared with the model group
67.65 & 9.71 s (F = 98.71, p < 0.01), as shown in Figure 1B.
Furthermore the swimming time in NW quadrant was improved
(Figure 1C). The results indicated that EH can ameliorate
D-galactose-induced learning and memory dysfunction in rats.
The probe test results indicated that there were no significant
differences (p > 0.05) among the groups with regard to the total
swimming distance and/or speed. The swimming time of the
control group in the NW quadrant (33.12 & 12.31 s) was longer
compared with that noted in the other three quadrants, and the
differences among them were significant (F = 6.63, p < 0.01). The
swimming time of the model group was 17.23 4= 7.43 s, which was
significantly lower compared with the control group (p < 0.01),
suggesting that the rats couldn’t remember the location of
the platform. The swimming times of the low- and high-dose
EH groups were 31.55 £ 8.87 s, 36.66 = 9.26 s in the NW
quadrant, which were significantly greater in length compared
with the model group (F = 6.63, p < 0.01). The differences
noted in the parameters measured of the aforementioned groups
were significant (F = 6.63, p < 0.01), as shown in Figure 1D
compared with those noted in the model group. In addition, the
swimming trajectory of the EH group was apparently denser in
the NW quadrant compared with the other quadrants, as shown
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FIGURE 1 | Effects of ethanol:water (8:2) extracts from Hericium erinaceus (EH) on b-galactose-induced deficit in rats. (A) Body weight changes during
the treatment; (B,C) water maze tests results at the specified incubation periods and swimming times in NW; (D) spatial probe test results; (E) swimming trajectory
during the spatial probe test; (F) cytokine levels of GM-CSF, TNF-y, 1L-10, IL-2, 1L-17a, 1L-6, TNF-a, and VGEF-«a in serum; (G,H) routine blood index changes.
Control group (oral distilled water), model group [intraperitoneal injection (i.p) of 100 mg/kg/d D-galactose], low-dose group (concomitant administration by i.p
injection of 100 mg/kg/d D-galactose and gavage at a dose of 50 mg/[kg-d] ethanol:water (8:2) extracts from H. erinaceus (EH)), high-dose group (concomitant
administration by i.p injection of 100 mg/kg/d D-galactose and gavage at a dose of 50 mg/[kg-d] ethanol:water (8:2) extracts from H. erinaceus (EH)). Values are
expressed as mean =+ SD, #p < 0.05 vs. control group, *p < 0.05, **p < 0.01 vs. model group, indicates significant differences compared with the model group.

in Figure 1E. The results suggested that EH could ameliorate
D-galactose-induced learning and memory dysfunction in rats.

Improvement on AD Parameters

Cytokines levels and blood routine index changes

The cytokine levels in the serum of the model group
were significantly different from those noted in the control
group (p < 0.05), and the levels of the pro-inflammatory

cytokines increased, while the corresponding levels of the
anti-inflammatory cytokines decreased (Figure 1F). Following
treatment by EH, the cytokine levels were reversed to the levels
noted in the control group, which indicated that treatment
with the EH improved the inflammatory environmental factors.
Certain blood biomarkers of the model group were apparently
changed compared with the control group, while following
treatment of EH, their levels were reversed to the levels noted in
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FIGURE 2 | Histopathological changes and immunohistochemistry staining of Tau and A4 in the brain tissues of D-galactose- induced deficit
rats. (A) is the hematoxylin-eosin (HE) staining of hippocampal and thalamus, brain stem and cerebellum, midbrain nigra; (B) is HE staining of hippocampal,
immunohistochemistry staining of the expression of AB42 and Tau protein in hippocampal.

the control group (Figures 1G,H). This suggested that the EH can
retain the D-galactose-induced deficit in the rat model.

Pathological and morphological findings

Following hematoxylin-eosin (HE) staining, the histopathologic
morphology of the model group exhibited apparent changes
compared with the control group (Figure 2A), which indicated
that the size of neurons in the cortex was smaller, and the
cells were associated with nuclear pyknosis. The boundary of
the cytoplasm and the nucleus was not distinct (Figure 2B).
The cellular space between the neurons and the neurogliocytes
had expanded, whereas the hippocampal pyramidal neuron

had become smaller (Figure 2B). Following treatment with
EH, the pathological changes noted in the model group were
improved and the effect was proportional to the dose of
administration.

Immunohistochemistry staining indicated that the expression
of Tau (3.21 = 0.17 fold of control) and AB4; (4.67 £ 0.28 fold of
control) proteins in the brain tissues of D-galactose-induced rats
was significantly increased compared with the control group (as
onefold), while following treatment with EH, the changes noted
were attenuated, especially the high dose group (0.69 =+ 0.12 for
Tau, 0.94 & 0.11 for AP4y). The pharmacological effect caused by
EH treatment was proportional to the dose of administration.
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FIGURE 3 | Binding pattern of H. erinaceus compounds: (A-a) crystal structure of BACE1; (A-b) binding modes and co-crystal ligand in BACE1; (B) docking
scores of compounds from H. erinaceus and co-crystal ligand (ZPX394); (C) intra and intermolecular hydrogen bonds; (D-a) crystal structure of BACE1 and (D-b)
3-Hydroxyhericenone F-mediated hydrogen bond interactions with Lys321 and Thr72 (green line).

(b)

Molecular Docking of Compounds
Extracted from H. erinaceus to BACE1
Enzyme and Investigation of the
Receptor-Ligand Interactions

The molecular docking study was conducted using the LibDock
protocol for the screen of potent candidates from H. erinaceus
and the investigation of receptor-ligand interactions in the
Discovery Studio 2.5 (DS2.5) software. A total of 17 components
from H. erinaceus were collected from a literature search and

1048 poses were generated for all the compounds investigated.
The docked poses were ranked by the LibDockScore and
the top 10 poses with the co-crystal ligand for BACE1 were
retained (Figure 3B). The data revealed four hits namely,
compounds 15 (3HF), 7, 6, and 12 with corresponding scores
of 180, 177, 169, and 164, respectively compared with the
score noted for ZPX394 (211) (Figure 3B). This indicated
that the four compounds identified may exert potent BACE1
inhibitory activity. The interaction between the BACEI protein
and the four compounds identified was further analyzed using
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Receptor-Ligand Interaction module in DS. The analysis between
BACE1 and compound 15 (3HF) revealed that four hydrogen
bond interactions appeared in the docked pose that were the
following: the oxygen of the hydroxyl group was attached to
the third position of the O-substituted hexyl ring, whereas the
oxygen of the carbonyl group was attached on the second
position of the 3-ene-4-methyl-2-pentone moiety of compound
15. This facilitated the interaction with the amine group of
LYS321 with interference distance values of 2.062, 2.293, and
2.439 A, respectively. The oxygen of the carbonyl group between
the long alkyl group and the phenyl ring interacted with
the amine group of Thr72 with interference distance value
of 2.056 A (Figure 3C). The interaction with LYS321 forms
two 3-membered and 9-membered rings, which may stabilize
the conformation. Furthermore, there is no bump between
compound 15 and BACEIL. This suggested optimal interaction
between compound 15 and BACE1. Since compound 7 exhibited
a high LibDock score (176), we further analyzed the interactions
between compound 7 and the BACEL1 protein. The oxygen of the
carbonyl group was attached on the second position of the 3-ene-
4-methyl-2-pentone moiety of the compound 7. This allowed an
interaction with the amine group of LYS321 with interference
distance value of 2.198 A. Finally, an interaction of the amine
group of Thr232 was observed with the oxygen atom of the
carbonyl group attached on the phenyl ring of compound 7, with
interference distance value of 1.883 (Figure 3).

Verification of the Molecular Docking
Studies

3HF Significantly Inhibits the Expression of BACET1 in
NaN3-Induced PC12 Cells

The phosphorylation status of the intracellular markers that
are involved in the neurodegenerative processes, such as
tau, APj_4 and beta-site amyloid precursor protein cleaving
enzyme 1 (BACE1l) was assessed by western immunoblotting.
The expression of the modulators BACEL, p-Tau and APy4
was investigated in NaN3-induced PC12 cells. The cells were
pretreated with 3HF at the concentrations of 0.05, 1.00, and
1.50 pg/ml for 2 h, followed by exposure to 0.03 mM of NaN3; for
4, 8, and 24 h (Figure 4). The expression of BACE1, p-Tau and
APy, proteins were decreased in all three 3HF treatment groups
compared with the normal group. The expression of the proteins
p21, NF-kB p65, and PARPI that are related to mitochondrial
dysfunction or cellular aging was further investigated. The
data suggested that the expression levels of the aforementioned
proteins were reversed following treatment with EH compared
with the model group.

Effects of 3HF on the mRNA Expression Levels of Six
Genes Related to Mitochondrial Dysfunction

The mRNA expression of six genes that are considered to be
associated with the mitochondrial dysfunction processes was
investigated in order to add further insight in the mechanism
involved in the improvement of the mitochondrial dysfunction
caused by 3HF (Picone et al., 2014; Ajith and Padmajanair, 2015).
The cells were pretreated with 3HF at the concentrations of 0.5,

1.00, and 1.50 pg/ml for 2 h and further exposed to 0.03 mM
of NaN3 for 4, and 8 h. The mRNA expression levels of p21,
NF-kB p65, and PARPI in the mitochondria were measured.
The PARPI1, p21, and NF-kB p65 expression levels increased
following treatment from 4 to 8 h with 0.03 mM of NaN.
These increased trends were reversed by co-administration
with different concentrations of 3HFE, notably at the high 3HF
dose (1.50 pg/ml) group, while the mRNA expression of the
aforementioned genes was reversed to normal levels (Figure 4).

3HF Improves the Cell Viability of NaN3-Induced
PC12 Cells

Cell viability was assessed by the CCK-8 assay. PC12 cells were
treated with different concentrations of 3HF for 24 h, and the
cell viability was compared between 3HF-treated groups and
control groups, showed in Figure 5B. When the cells were
treated with 3HF at a concentration range of 0.01 to 2.00 pg/ml
for 24 h, the cell viability was significantly increased compared
with the control group (100%), while at the concentration of
5.00 pg/ml, the cell viability was decreased compared with
the 2.00 pg/ml-treated group but increased compared with the
control group. The results indicated that 3HF under 5.00 pg/ml
was considerably non-toxic in PC12 cells.

Treatment of PC12 cells with a concentration range of 0 to
0.1 mM of NaNj3 for 24 h induced cytotoxicity (Figure 5C). The
cell viability was reduced to 24.74% of the control value (100%), as
shown in Figure 5B. When the cells were co-incubated with 3HF
at the concentrations of 0.05, 1.00, and 2.00 pg/ml for 2 h and
further exposed to 0.03 mM of NaN3 for 24 h, the cell viability
was significantly increased (63, 85, and 106% of the control value,
respectively) compared with the NaN3 group (Figure 5D). The
results indicated that 3HF conferred a protection against the
NaNj3-induced cytotoxicity in PC12 cells.

Effect of 3HF on NaN3-Induced Intracellular ROS,
[Ca2t]; and Mitochondrial Membrane Potential in
PC12 Cells

Treatment of PC12 cells with 0.03 mM of NaN3 for 24 h caused a
significant increase in the Calcium ion [Ca?T]; levels (Figure 5F,
189.31% of the control value) with a concomitant decrease in
the mitochondrial membrane potential (Figure 5G, 46.31% of
the control value). When the cells were pretreated with 3HF at
the concentrations of 0.05, 1.00, and 1.50 pg/ml for 2 h and
further exposed to 0.03 mM of NaNj for 24 h, the [Ca%T);
levels were significantly reduced to 164.84, 130.26, and 103.16%,
respectively, of the control value, while the mitochondrial
membrane potential of the PC12 cells was significantly increased
(66.84, 85.26, and 93.17% of the control value, respectively)
compared with the NaN3 group. In addition, the ROS levels
indicated a similar pattern of change with that noted in the
[Ca "] levels (Figure 5E).

Influence of 3HF on the Activities of ATP, NADH-CoQ,
and F4)Fo)-ATPase in the Mitochondria of the PC12
Cells

The mitochondria complexes I, V and ATP levels were markedly
increased in the 1.00 and 1.50 pg/ml 3HF treated-groups, while
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the latter treatment of 3HF slightly increased complex I activity
and ATP levels compared with the model groups (Figures 5H-J).

Effects of 3HF on the Expression of COX I, COX I,
NF-kB, Caspase-3, and Caspase-9 Proteins

The activities of COX I, COX II, NF-kB, Caspase-3, and
Caspase-9 proteins were detected using an ELISA method in
order to clarify the protective mechanism of 3HF on the NaN3-
induced PC12 cells. The levels of COX I (Figure 5K) and COX II
(Figure 5L) were significantly reduced when the cells were treated
with 0.03 mM NaNj for 24 h, while the NF-kB (Figure 5M),
caspase-3 (Figure 5N), and caspase-9 (Figure 50) levels were

significantly reduced. Following pretreatment of the cells with
3HF at the concentrations of 0.05, 1.00, and 1.50 pg/ml for 2 h
and subsequent exposure to 0.03 mM of NaN3, the protein (COX
I, COX II, NF-kB, Caspase-3, and Caspase-9) expression was
approximately reversed to the normal levels.

Cell Mitochondria Morphology

The morphology of the mitochondria was evaluated by
microscopy  (phase-contrast, fluorescence, and electron
microscopy) following treatment of PCI2 cells by 0.03 mM
of NaNj3. The morphological assessment revealed swelling,
shrinking cells and lower fluorescence intensity (38.19% of

Frontiers in Pharmacology | www.frontiersin.org

34 May 2017 | Volume 8 | Article 219


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Diling et al.

Apotential B-Secretase Inhibitor of 3-Hydroxyhericenon

A B 130 C 100}
i
120
) 2 80
2 3 kol
S 110 T 60 | 1
2 2
2 100 S 40
(]
> g
& w0 E 20 ”
L. N 80 0
Hericium erinaceus 0.000 0.010 0.050 1.000 2.000 5.000 0.000 0.001 0.005 0.010 0.050 0.100
Heating reflux with Alcohol D Concentration of 3HF/(ug/ml) E Concentration of NaN3/(mM)
Alxohol extracts 5 120 o #
g 190
Concentrated extract with chloroform 2 100 *% 2 10
; 80 g *k
150
Chloroform extracts ) % -
T 60 # ;; 130
Pre-HPLC 2 3 110 el
T 40 3
. 8 o 90
3-Hydroxyhericenone F > @
s 2 S 70
3 4
0 50
Control Model 2.00 150 1.00 0.50 Control  Model 0.50 1.00 1.50
3HF/(ng/ml) 3HF/(ng/ml)
0.03mM NaN3 0.03mM NaN3
F " G
190 -I- 100 } fald
35 170 _ dok
€ 150 £ e
S *% o 5 %
5 130 o -.; o
2 110 *k 2 & #
= E s
N 90
1 T 5 40
S 2 24
50 5 20
Control  Model 0.50 1.00 1.50 = Control Model 0.50 0.10 0.15
3HF/(ng/ml) 3HF/(ng/ml)
0.03mM NaN3 0.03mM NaN3
H | J K
o 06 [ —~model —#—1.0 g/l 3HF 0.7 —+—model —a—1.0pgimL 3HF 35 p —é—model —8—1.0pgimL 3HF 120
'g 1.5pgimL3HF  —Control £ 1.5pgimL3HF —— Control = 1.5pg/mL3HF  —— Control ° o
i T S 0s : i T . I 1 5 o
o 05 T z o . ] o i o
£ 3 =) a 5
% W g o5 r’_i_—-/x_—x g; 1e B\E 80
Sl 2 = 1 N X
= K 2 S O s0 *
< ] 0.4 ‘g 3% 8
~ o
: e i
g z % I O I R
w o & N N &S
< F & & & ¢
2 z NSRS
4h Sh 24h  48h 4h $h 24h  48h 10 RO S
4h 8h 24h 48h
L M N o]
w0  H 1w ## 150
120
- 140 — - 140
5 e i * g H
o
% 100 b oax §F 5 D 5 120 5 b
g " T 120 s T 12
S 2 110 5
[ " E 110 *% i E3ES i 110 kk
g E 100 £ 10
S I g : _
g 40 § 90 % 20 ;\;_/ 20
E \,;zf‘ \ng‘ \5:23 e.,é“’ 0\‘ S e T w0 T 80
g : ; S z 5
F & &S FASMfFHE 7SS, S SS S
M & & § S & &S s & & S S A A
Y S & $E S S & &S &S S
“§5 6“ \.§Q 5&% & e?’“ .%&Q 5&* & “‘?@7 \.%@Y \QQ
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FIGURE 6 | Effect of 3HF on the cellular and mitochondrial morphology. (A) The investigation was conducted by inverted microscope; (B) The investigation
was conducted by fluorescent microscope at the wavelength of 490 nm. The number of cells and fluorescence intensity of the model group (treated with 0.03 mM
NaN3 for 24 h) were lower compared with the control, while the 3HF increased the number of cells and fluorescence intensity; (C) The analysis was carried out by
electron microscopy (1 and 5K). The 0.03 mM NaN3 treated groups indicated an ultrastructural change with disappearance of the nucleolus, condensed chromatin
that was localized to the inner side of an intact nuclear membrane, blur mitochondria with disintegration and substantial lysis of cristae in PC12 cells.

control) compared with the control samples, while in the 3HF-
treated groups these effects were attenuated (Figures 6A,B),
the fluorescence intensities were increased to 43.15, 61.27, and
86.78% of the control value, respectively. Furthermore, we used
electron microscopy to determine the ultrastructural changes
in the cells following NaNj3 treatment. The data indicated
that the nucleolus disappeared and the condensed chromatin
was localized to the inner side of an intact nuclear membrane
(Figure 6C). The mitochondria exhibited blur appearance and
the boundary was not clear with concomitant disintegration and
lysis of the cristae in the NaN3-treated PC12 cells compared with
untreated control cells (Figure 6C). Based on the aforementioned
observation, it was concluded that 3HF significantly alleviated the
NaN3-induced ultrastructural changes that were characteristic of
cellular damage (Figure 6C).

DISCUSSION

Various food constituents have been proposed as disease-
modifying agents for AD, due to epidemiological evidence of
their beneficial effects, and due to their ability to ameliorate
the factors that are associated with the pathogenesis of AD
pathogenesis (Chan et al, 2016). Such constituents have
been demonstrated to bind iron, copper and zinc, scavenge
reactive oxygen species and suppress the fibrillation of amyloid-
beta peptide (AP), thus contributing to the prevention of
AD (Chan et al, 2016). Mushrooms were originally used
as a nutritional supplement, although in certain cultures,
they have been traditionally exploited for their potential
as medicinal remedies for various diseases. A majority of
medicinal mushrooms were reported to affect the nervous
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system namely, Lions Mane, H. erinaceus and Tiger Milk,
Lignosus rhinocerotis. The latter two mushrooms can stimulate
neurite outgrowth (Samberkar etal., 2015), whereas Phellinus
igniarius can reduce transient cerebral ischemia-induced
neuronal death, suppress oxidative injury and disrupt the
blood-brain barrier via microglia activation (Kim et al,
2015). Agaricus blazei protects the brain against oxidative
stress-induced damage and increases mitochondrial-coupled
respiration (de Sa-Nakanishi et al., 2014). Hericium ramosum
mycelia extracts exert antioxidant activity and NGF synthetic
activity. It has been shown that Dictyoquinazols extracted from
Dictyophora indusiata protect primary cultured mouse cortical
neurons from glutamate-and NMDA-induced excitotoxicities
(Lee et al., 2002). Furthermore, the methanolic extract of
Chaga enhances the cognitive and anti-oxidant activities
of scopolamine-induced experimental amnesia (Giridharan
et al, 2011). In addition, the oligosaccharide fraction isolated
from the mycelium of the Lingzhi and/or Reishi medicinal
mushroom Ganoderma lucidum exhibits anticonvulsant and
neuroprotective effects (Tello et al, 2013). The chemical
constituents from H. erinaceus can stimulate NGF-mediated
neurite outgrowth (Phan et al, 2013; Zhang et al, 2015),
while Erinacine A can act as an anti-neuroinflammatory
agent that confers neuroprotection in Parkinson’s disease rat
model (Kuo et al., 2016). The same compound can ameliorate
AD-related pathologies in APPswe/PSIdE9 transgenic mice
(Tsai-Teng et al., 2016). Moreover, the polysaccharides extracted
from H. erinaceus exhibit antioxidant and neuroprotective
effects on Af-induced neurotoxicity in neurons (Cheng
et al., 2016), and are considered a potent immunostimulant
for murine bone marrow-derived dendritic cell maturation
(Qinetal., 2017). H. erinaceus has been shown to delay the
onset of age-associated neurodegenerative diseases (Phan et al.,
2014; Trovato et al, 2016), and increase mossy fiber-CA3
hippocampal neurotransmission and recognition memory in
wild-type mice, when administered as a dietary supplement
(Brandalise et al., 2017). Finally, H. erinaceus extracts can
alter the behavioral rhythm in mice (Furuta et al., 2016) and
possess neuroprotective properties in glutamate-damaged
differentiated PC12 cells and in an AD mouse model (Zhang
et al., 2016). Based on the aforementioned studies regarding
the neuronal effects of medicinal mushrooms, H. erinaceus
was selected in the present study in order to examine further
the pharmacologically active ingredients and corresponding
mode of action with regard to the protection against AD. The
memory deficit rats were prepared by intraperitoneal injection
(i.p) of 100 mg/kg/d D-galactose daily for a total period of
8 weeks, and the water maze tests were used to evaluate the
improvement of learning and memory activities. The data
indicated that the learning and memory activities were impaired
compared with those of the control group (p < 0.05), while
treatment with the EH could reverse the memory deficits. This
finding indicated the identification of certain active ingredients
with regard to the treatment of AD in the fruit bodies of
H. erinaceus.

Beta-site amyloid-p protein precursor cleaving enzyme 1
(BACEL) is the rate limiting enzyme and the initial protease

involved in the biosynthetic pathway of amyloid-p (Af). BACE1
is considered a potential disease-modifying target for the
development of therapeutic drugs for AD (Devraj et al., 2016;
Evin, 2016). The research of our group is focused on the
screening evaluation of potent BACE!L inhibitors in an effort
to identify suitable AD drug candidates. A molecular docking
analysis was carried out in order to evaluate the BACEL1 inhibitory
effect of the compounds from H. erinaceus. The molecular
docking study was conducted using the LibDock protocol in
order to identify potent candidates and investigate receptor-
ligand interactions in the Discovery Studio 2.5 (DS2.5) software.
The data indicated that the docking score of compounds
derived from H. erinaceus and the co-crystal ligands were
as follows: 211, 180, 176, 169, 164, and 154 for ZPX394, 3-
Hydroxyhericenone F (15), Hericenone G (7), Hericenone F (6),
Hericerin (12), and Hericene B, respectively. This suggested four
compounds with potential activity against BACE1 inhibition. It
is tempting to speculate that some of these compounds may
the active ingredients of H. erinaceus that have demonstrated
potent activity for the treatment of AD, although further assays
are required to be conducted for such a hypothesis notably
for the remaining compounds from H. erinaceus, such as
compound 7.

Mitochondria are considered important contributors to
the development of several aging-associated diseases via the
production of reactive oxygen species. The mitochondrial
free-radical theory suggests that the progressive alteration of
mitochondria that occurs during the aging process results
in the increased production of ROS that in turn causes
further mitochondrial dysfunction and damage to the cell
(Lopez-Otin et al., 2013). The most common paradigm of the
failure in mitochondrial electron transport chain (ETC) enzymes
reported in AD is the cytochrome ¢ oxidase (COX, complex
IV). The activity of cytochrome c oxidase is deficient in
different brain regions, in particular in the cerebral cortex and
hippocampus (Parker et al., 1994a,b; Fukui et al., 2007). Certain
studies further demonstrated that COX inhibition leads to tau
hyperphosphorylation and A deposition, whereas the activity of
COX is inhibited by the increased levels of AP that eventually
results in cell death (Cassarino and Bennett, 1999; Eckert et al.,
2010; Silva et al, 2011). In the present study, the levels of
intracellular ROS were apparently induced, following treatment
of 0.03 mM NaNj3 for 24 h, which resulted in a change in the
mitochondrial membrane potential and calcium ions ([Ca?*];)
influx. As a consequence, mitochondrial dysfunction occurred.
When the cells were pretreated with 3HF at the concentrations
of 0.05, 1.00, and 1.50 pg/ml for 2 h and subsequently exposed
to 0.03 mM of NaNjs, the aforementioned changes returned
to normal levels, which indicated that 3HF can reverse and/or
alleviate the NaN3-induced oxidative damage in PC12 cells.

Calcium ions (Ca?") play an important role in normal
neurotransmission, long- and short-term plasticity, and
regulation of gene transcription. The disturbance in Ca?™
homeostasis potentiates excitotoxiciticy. Previous studies have
demonstrated that the intracellular Ca?* overload promotes
cytochrome C release from the mitochondria, via the activation of
the NF-kB pathway and the induction of caspase-9 and caspase-3
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expression. These processes ultimately lead to cellular apoptosis
(Chen etal., 2013; Li J. et al., 2014; Shi et al., 2014). In the present
study, 3HF was shown to reduce Ca?* overload and reversed
the levels of p21, NF-kB p65, Caspase-9, Caspase-3, and PARP1
proteins. The latter findings demonstrated that 3HF inhibited cell
apoptosis via the calcium channel.

Oxidative stress plays a major role in the development of
neurodegenerative disorders (Islam, 2017). The age and various
genetic and environmental risk factors cause an imbalance in the
oxidative-redox system, while the levels of ROS are increased,
which in turn stimulates pro-inflammatory gene transcription
and release of cytokines and chemokines, such as IL-1, IL-6, and
TNF-a. This eventually leads to the neuroinflammatory processes
(Prasad, 2016). Chronic neuroinflammation is responsible for
the loss of neurons. The levels of the cytokines IFN-y, IL-1p,
IL-170, and TNF-a in the serum (Figure 1B) of D-galactose-
induced rats were increased compared with those of control
rats, while administration with EH decreased the cytokine levels.
The extent of reduction correlated to the doses, whereas EH
further decreased the production of ROS in NaNj3-induced
oxidative damaged cells, which indicated that it can improve the
inflammation environment via the regulation of ROS levels.

Hyperphosphorylation of tau is involved in the formation
of neurofibrillar tangles and is a central biochemical event
in the pathogenesis of AD (Lee et al, 2001). Tau is a
phosphoprotein with 80 potential serine/threonine and five
tyrosine phosphorylation sites (Hanger et al., 2009; Wang et al.,
2013). A number of sites, including Ser’*®/4%%, have been
associated with neurons in the “pre-tangle” stadium in the brains
derived from AD subjects (Bonda et al,, 2011; Vingtdeux et al.,
2011; Hu et al.,, 2013). Over-expression of p25 that results from
calpain cleavage of p35, has been suggested to be involved in
the hyperphosphorylation of tau protein (Camins et al., 2006)
and in the formation of AB in AD (Liu et al., 2003), possibly
coordinating the action of BACEL. BACEI levels are raised
in AD and potentially accelerate the initiating event for the
production of AP (Liang et al, 2010). Previous studies have
demonstrated that hericenones isolated from the fruit body of
H. erinaceus promoted NGF biosynthesis in rodent cultured
astrocytes (Kawagishia et al., 1991; Ma et al., 2010). The results
reported in the present study are in agreement with these
findings and the compounds in H. erinaceus were identified as
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The Histamine H3 Receptor
Antagonist E159 Reverses Memory
Deficits Induced by Dizocilpine in
Passive Avoidance and Novel Object
Recognition Paradigm in Rats

Alaa Alachkar’, Dorota tazewska?, Katarzyna Kiec-Kononowicz?' and Bassem Sadek*

! Department of Pharmacology and Therapeutics, College of Medicine and Health Sciences, United Arab Emirates University,
Al Ain, United Arab Emirates, 2 Department of Technology and Biotechnology of Drugs, Faculty of Pharmacy, Jagiellonian
University Medical College, Krakdw, Poland

The involvement of histamine H3 receptors (H3Rs) in memory is well known, and the
potential of H3R antagonists in therapeutic management of neuropsychiatric diseases,
e.g., Alzheimer disease (AD) is well established. Therefore, the effects of histamine H3
receptor (H3R) antagonist E159 (2.5-10 mg/kg, i.p.) in adult male rats on dizocilpine
(DIZ)-induced memory deficits were studied in passive avoidance paradigm (PAP)
and in novel object recognition (NOR) using pitolisant (PIT) and donepezil (DOZ) as
standard drugs. Upon acute systemic pretreatment of E159 at three different doses,
namely 2.5, 5, and 10 mg/kg, i.p., 2.5 and 5 but not 10 mg/kg of E159 counteracted
the DIZ (0.1 mg)-induced memory deficits, and this E159 (2.5 mq)-elicited memory-
improving effects in DIZ-induced amnesic model were moderately abrogated after acute
systemic administration of scopolamine (SCO), H2R antagonist zolantidine (ZOL), but
not with H1R antagonist pyrilamine to the animals. Moreover, the observed memory-
enhancing effects of E159 (2.5 mg/kg, i.p.) were strongly abrogated when animals were
administered with a combination of SCO and ZOL. Furthermore, the E159 (2.5 mg)-
provided significant memory-improving effect of in DIZ-induced short-term memory
(STM) impairment in NOR was comparable to the DOZ-provided memory-enhancing
effect, and was abolished when animals were injected with the CNS-penetrant histamine
H3R agonist R-(a)-methylhistamine (RAMH). However, E159 at a dose of 2.5 mg/kg
failed to exhibit procognitive effect on DIZ-induced long-term memory (LTM) in NOR.
Furthermore, the results observed revealed that E159 (2.5 mg/kg) did not alter
anxiety levels and locomotor activity of animals naive to elevated-plus maze (EPM),
demonstrating that improved performances with E159 (2.5 mg/kg) in PAP or NOR are
unrelated to changes in emotional responding or in spontaneous locomotor activity.
These results provide evidence for the potential of drugs targeting H3Rs for the
treatment of neuropsychiatric disorders, e.g., AD.

Keywords: histamine H3 receptor, antagonist, learning, memory impairment, passive avoidance paradigm, novel
object recognition, elevated plus maze
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INTRODUCTION

The main representative character of AD as a neurogenerative
disease and related dementias, e.g., cognitive deficit associated
with schizophrenia (CDS), is the progressive decline in
cognitive performance (Medhurst et al., 2007, 2009; Silva et al.,
2014), and enhancing cognitive functions in these conditions
embodies a multifaceted task, given the fact that various
brain neurotransmission systems and several brain regions are
involved in the progress of these conditions (Khan et al,
2015; Shimizu et al., 2015; Sadek et al., 2016a,). Current
pharmacological interventions for AD, such as cholinesterase
inhibitors, provide only shortly timed marginal clinical benefit
(Silva et al., 2014). Hence, the difficulties to develop satisfactory
therapies of AD and CDS are still restricted due to the
complicated pathophysiology of these diseases including several
pathways, e.g., defective B-amyloid protein metabolism and
abnormalities in central neurotransmissions for acetylcholine,
glutamate, noradrenaline, serotonin, and dopamine, and the
association of these diseases with inflammatory and/or oxidative
and hormonal pathways (Doraiswamy, 2002; Cavalli et al.,
2008; Zhou et al., 2016). Importantly, the brain histaminergic
system’s role in AD has been proposed, and a variety of
pharmaceutical agents targeting central histaminergic systems
have been developed (Bishara, 2010; Baronio et al., 2014;
Sadek and Stark, 2015; Sadek et al., 2016c). Accordingly,
H3Rs functioning as auto-receptors modulate synthesis and
release of central histamine (Sadek and Stark, 2015; Sadek
et al, 2016c). Moreover, dysregulations in a wide range
of different central neurotransmitter systems, e.g., dopamine,
serotonin, GABA, and glutamate were generally hypothesized
for the H3Rs located on neurons other than histmainergic
neural cells and functioning as hetero-receptors (Witkin and
Nelson, 2004; Sadek and Stark, 2015; Sadek et al.,, 2016c).
Notably, H3R antagonists/inverse agonists have been found to
exhibit a unique feature by their potential cognition-enhancing
property as indicated by numerous lines of evidence from
preclinical studies. Accordingly, several H3R antagonists/inverse
agonists have been previously found to counteract DIZ-induced
memory deficits in rodents (Witkin and Nelson, 2004; Passani
and Blandina, 2011; Sadek and Stark, 2015; Sadek et al.,
2016¢) Furthermore, previous preclinical as well as clinical
experiments revealed that antagonists at N-methyl-D-aspartate
receptors (NMDARs), e.g., ketamine, promote cognitive deficits
in healthy humans and exaggerate symptomatic parameters in
patients with schizophrenia (Luby et al., 1959; Ghoneim et al,,
1985; Javitt and Zukin, 1991; Krystal et al, 1994; Malhotra
et al, 1997; Brown et al,, 2013). NMDAR antagonists were,
also, found to induce behavioral deficits in rodents through
impairment of their neurocognitive functions (Large, 2007).
In addition, there are several evidences that central histamine

Abbreviations: AD, Alzheimer disease; CDS, cognitive deficits associated with
schizophrenia; DIZ, dizocilpine; DOZ, donepezil; DZP, diazepam; EPM, elevated
plus maze; H3Rs, histamine H3 receptors; LTM, long-term memory; NOR,
novel object recognition; PAP, passive avoidance paradigm; PIT, pitolisant;
PYR, pyrilamine; RAMH, R-()-methyl-histamine; SCO, scopolamine; STL, step-
through latency; STM, short-term memory; ZOL, zolantidine.

significantly alter cognitive deficits and that antagonists/inverse
agonists selectively targeting central histamine H3Rs may
possibly lead to therapeutic entities with potential clinical
use in cognitive symptoms, e.g., AD (Witkin and Nelson,
2004; Esbenshade et al., 2008; von Coburg et al., 2009; Sadek
and Stark, 2015; Sadek et al, 2016c). Notably, numerous
developed H3R antagonists were revealed in their effects
to decrease ketamine- and DIZ-induced cognitive deficits in
several animal models of schizophrenia (Browman et al., 2004),
signifying that these drugs may also be effective against CDS
(Witkin and Nelson, 2004; Bardgett et al., 2010; Charlier
et al, 2013; Sadek and Stark, 2015; Sadek et al., 2016c).
Moreover, previous preclinical experiments showed that several
H3R antagonists, e.g., ABT-239 and A-431404, significantly
reduced ketamine- and DIZ-induced cognitive deficits in rats
when compared to standard antipsychotics, e.g., olanzapine
and risperidone (Brown et al, 2013). Based on the high
attention level generated by these preclinical outcomes, the
central H3Rs represent an attractive target for developing
novel H3R antagonists/inverse agonists with the potential role
in neuropsychiatric multi-neurotransmitter disorders, e.g., AD
and CDS (Yokoyama et al., 1993; Yokoyama, 2001; Harada
et al, 2004; Witkin and Nelson, 2004; Uma Devi et al,
2010; Bhowmik et al., 2012; Khan et al, 2015; Sadek and
Stark, 2015; Sadek et al., 2016a,c). Therefore, the effects of
the newly developed highly potent and selective non-imidazole
H3R antagonist/inverse agonist, E159 [1-(6-(2,3-dihydro-1H-
inden-5-yloxy)hexyl)-3-methylpiperidine], with high in vitro
selectivity toward H3Rs (Lazewska et al, 2006) (Figure 1)
has been investigated on its behavioral effects on DIZ-induced
memory deficits in PAP and NOR tasks in adult male rats.
Also and since anxiety and motor activity could confound
learning and memory’s performance of animals (Sadek et al.,
2016e), the effects of E159 on locomotor activity and anxiety-like
behaviors of the same animals in EPM were tested. Moreover,
the abrogative effects of PYR, ZOL, and SCO on the E159-
provided memory-enhancing effects in PAP and NOR tests were
assessed.

\O/\/\/\/O\©:>
E159

[1-(6-(2,3-dihydro-1 H-inden-5-yloxy)hexyl)-3-methylpiperidine]
pK;(hH3R)? = 6.12; pK;(hH4R)? > 4 ; pK,(hHIR) = 4.77

FIGURE 1 | Chemical structure and in vitro affinities of the non-imidazole H3R
antagonist/inverse agonist E159. 2 [25[]lodoproxyfan binding assay at human
H3Rstably expressed in CHO-K1 cells, n = 3 (Ligneau et al., 1994; Ligneau
et al., 2000; Lazewska et al., 2006). P [*H]Histamine binding assay performed
with cell membrane preparation of Sf9 cells transiently expressing the human
histamine H4Rand co-expressed with Ggi2 and GB1y2 subunits, n = 3 (Meier
et al., 2001; Amon et al., 2007; Isensee et al., 2009; Tomasch et al., 2013).

© [BH]Pyrilamine binding assay performed with cell membrane preparation of
CHO-hH1Rcells stably expressing the human H1R, n = 3 (Schibli and
Schubiger, 2002; van Staveren and Metzler-Nolte, 2004; Schlotter et al.,
2005).
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MATERIALS AND METHODS

Animals

Inbred male Wistar rats aged 6-8 weeks (body weight: 180-220 g,
Central Animal Facility of the UAE University) were maintained
in an air-conditioned animal facility room with controlled
temperature (24°C % 2°C) and humidity (55% = 15%) under a
12-h light/dark cycle. The animals were given free access to food
and water. All experimental procedures were conducted between
9:00 and 14:00 h. The procedures used to assess effects of E159
were approved by the Institutional Animal Ethics Committee
of CMHS/UAEU(A30-13). All efforts were considered to reduce
number of animals used and their suffering. Also, all behavioral
studies were conducted by the same experimenter.

Drugs

RAMH dihydrochloride, HIR antagonist PYR, H2R antagonist
ZOL dimaleate, DOZ hydrochloride, DIZ hydrogen maleate,
and SCO hydrobromide were obtained from Sigma-Aldrich
(St. Louis, MO, United States). Chemical synthesis, analysis, and
approval of the structure for E159 [1-(6-(2,3-dihydro-1H-inden-
5-yloxy)hexyl)-3-methylpiperidine] and PIT were conducted in
the Department of Technology and Biotechnology of Drugs
(Krakéw, Poland) as described previously (Lazewska et al., 2006).
DZP manufactured by Gulf Pharmaceutical Industries (Ras Al
Khaimah, United Arab Emirates) was obtained from Dr. Ameen
Al Amaydah (Department of Emergency Medicine, Emirates
International Hospital, Al Ain, United Arab Emirates). All doses
were expressed in terms of the free base of all drugs. The drugs
used in the current study were dissolved in saline and injected
i.p. at a volume of 1 ml/kg. All experimental procedures were
carried out in a blinded fashion in which the experimenter was
uninformed about the specific treatment groups to which an
animal group belonged.

Behavioral Tests

Step-Through PAP Test

The step-through PAP test was done as previously described
and in an automatically operated commercial Passive Avoidance
Apparatus (step-through cage, 7550, Ugo Basile, Comerio, Italy)
(Bernaerts et al., 2004; da Silva et al., 2009; Goshadrou et al., 2013;
Khan et al,, 2015; Sadek et al., 2015, 2016a,e). The experimental
procedure consisted of two trials (training and testing) separated
by a 24 h interval. Each rat in the first trial was placed in the
white compartment, facing the auto guillotine door and, after a
30-s habituation period, the door was raised automatically, and
cut-off time of 60 s was given for the animal to cross to the dark
compartment. As soon as the rat placed all four paws in the dark
module, the guillotine door was lowered and a scrambled foot-
shock of 0.4 mA (20 Hz, 8.3 ms) was delivered to the grid floor
for 3 s. Rats that failed to move within this period were excepted
from the test on the following day. Directly after receiving the
shock, the rat was removed from the dark chamber, returned to its
home-cage, and the chambers were thoroughly cleaned. For the
second and third training day, the same procedure was followed
with the only change that a 300 s cut-off latency was allowed for

the test animal to enter the dark compartment, however, without
delivery of scrambled foot-shock. Animals that failed to cross into
the dark compartment during the training, despite the practices
conducted in training sessions, were excluded from the current
study. For each experiment, 9-11 rats having the same average
of age and weight were trained on the step-through latency
(STL) test. Approximately 2-4 rats failed to show improved
performance in a cut-off time of 60 s, a time period provided
for the animals to cross to the dark compartment. In the current
experiments, a sample group of seven rats was used for each STL
experiment conducted for the PAP. In the test session, animals
were turned amnesic with SCO (2 mg/kg) or DIZ (0.1 mg/kg)
30-45 min prior to the test session, and the rats were given a
maximum of 300 s to move into the dark box. In this test session,
the STL time taken by the animal to enter the dark box or STL
in 5 min was recorded and documented. In order to identify
a procognitive effect, 11 groups were acutely pretreated with
Saline + Saline, DIZ (0.1 mg) + Saline, DIZ (0.1 mg) + E159
(2.5 mg), DIZ (0.1 mg) + E159 (5 mg), DIZ (0.1 mg) + E159
(10 mg), DIZ 4+ DOZ (1 mg), or DIZ + PIT (10 mg) 30-45 min
prior to the test session, respectively, and their effects on DIZ-
induced memory deficits were measured by determining the STLs
to enter the dark box. The E159-provided procognitive effect
was confirmed by conducting additional experiments in which
the respective promising dose of E159 (2.5 mg/kg) and PYR
(10 mg/kg), ZOL (10 mg/kg), SCO (1 mg/kg), or a combination
of SCO and ZOL were co-injected. The doses of SCO, PYR,
and ZOL were selected according to previous studies (Orsetti
et al., 2001, 2002; Khan et al., 2015; Sadek et al., 2015, 2016a,b,d)
(Figures 2-4).

NOR Test

Novel Object Recognition was assessed with a slight modification
as previously described (Ennaceur and Delacour, 1988; Izquierdo
et al., 1999; de Lima et al., 2005; Karasawa et al., 2008). The
experiments were conducted in a black open field box measuring
50 cm x 35 cm x 50 cm. The experimental procedure included
two sessions of habituation separated with a 1-h interval, whereby
the animals were permitted for exploratory time of 3-min. On
the test day, animals were placed in the test box, and after a 3-
min of exploration, two objects (9 cm x 5 cm x 9 cm wood
blocks which were in duplicate of the same size but different
shape and color) were presented in two corners (approximately
30 cm apart from each other). The experimental session (24 h
later) consisted of two trials, namely T1 and T2, each of a
duration of 3 min. In T1, rats were exposed to two identical
objects, and rats which explored the objects for less than 10 s
during T1 were excluded from the experiments. In T2, performed
120 min for STM or 24 h for LTM later, animals were exposed
to two objects, one of which was replaced with a new object
and the other object was a duplicate of the familiar one to
exclude olfactory traits. Also, the familiar or new object as well
as the relative position of the two objects were counterbalanced
and randomly permuted during trial T2. The measurement was
obtained with the time spent by the animal exploring both
objects during T1 and T2, and exploration of an object was
defined as touching one of both objects with the nose. Other
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FIGURE 2 | Effects of E159 on DIZ-induced memory deficits in an inhibitory
avoidance conditioned response in rats. Gray columns represent the mean
STLs measured during the retention test (test latencies) and black columns
the mean STLs measured during the training trial before the delivery of the
foot-shock (pre-shock latencies). Rats were injected with E159 (2.5, 5, or

10 mg/kg, i.p.), DOZ (1 mg/kg, i.p.), or PIT (10 mg/kg, i.p.) 30-45 min before
the test session. **P < 0.001 for mean STLs vs. the value of the
(saline)-treated group. #P < 0.005 for mean STLs vs. the value of the [E159
(2.5 mg)]-treated group. $p < 0.001 for mean STLs vs. the value of the
(saline)-treated group. Data are expressed as mean + SEM (n = 7).
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FIGURE 3 | Effect of vehicle, E159, PYR, and ZOL on DIZ-induced deficit in
an inhibitory avoidance conditioned response in rats. Gray columns represent
the mean STLs measured during the retention test (test latencies) and black
columns the mean STLs measured during the training trial before the delivery
of the foot-shock (pre-shock latencies). Rats were injected with E159

(2.5 mg/kg, i.p.), PYR (10 mg/kg, i.p.) or ZOL (10 mg/kg, i.p.) 30-45 min
before the test session. $P < 0.001 for mean STLs vs. the value of the
(Saline)-treated group. **P < 0.001 for mean STLs vs. the value of the
(DIZ)-treated group. *P < 0.001 for mean STLs vs. the value of the

(DIZ + E159)-treated group. &P < 0.05 vs. the value of the (DIZ)-treated
group. Data are expressed as mean + SEM (n = 7).

behavioral observations, e.g., turning around or sitting on the
object was not considered an experimental behavior. The open
field arena as well as the objects were carefully cleaned using
70% (volume/volume; v/v) alcohol. DIZ and all test compounds
were dissolved in saline and administered i.p. 30 min following
T1 at a volume of 1 ml/kg, and the doses were expressed in
terms of the free base. The control groups received an equivalent
volume of saline. The doses chosen for the NOR test were
derived from the results in PAP and/or previously reported
procognitive studies (Bernaerts et al., 2004; da Silva et al., 2009;
Goshadrou et al,, 2013; Khan et al, 2015; Sadek et al., 2015;
Sultan et al, 2017). In order to detect a procognitive effect
for STM, eight groups of 6-8 rats each were used. They were
injected with Saline + Saline, DIZ + Saline, DIZ + E159 (2.5
mg/kg), DIZ + E159 (2.5 mg) + RAMH (10 mg), DIZ + DOZ
(1 mg), DIZ + RAMH (10 mg), Saline + E159 (2.5 mg/kg), or
Saline + RAMH (10 mg/kg) 30-45 min after T'1, and their effects
on DIZ-induced cognitive deficits (STM) were measured by
determining the time spent by the rat in exploring objects during
trials T1 and T2 (Figure 4). Moreover, the variable N-F/N + F
which provides the discrimination index (D) was computed.
Also and in order to exclude any confounding factors, E159
(2.5 mg/kg) and RAMH (10 mg/kg) were tested on their effect on
two separate saline-treated control groups. The above mentioned
experimental protocol was applied to detect the procognitive
effect for LTM in another six groups of 6-8 rats each, however,
with the only change that E159 (2.5 mg/kg, i.p.) was administered
30-45 min prior to T2. They were injected with Saline 4 Saline,

DIZ + Saline, DIZ + E159 (2.5 mg/kg), DIZ + DOZ (1 mg),
Saline + E159 (2.5 mg/kg), or Saline + DOZ(1 mg/kg) (Figure 5).
In all experiments, doses of DIZ, RAMH, and DOZ were selected
according to previous studies (Bernaerts et al., 2004; de Lima
et al., 2005; da Silva et al., 2009; Goshadrou et al., 2013; Khan
et al., 2015; Sadek et al., 2015, 2016a; Sultan et al., 2017)
(Figures 5, 6).

EPM Test

Anxiety-like behaviors were with slight modification assessed
in an EPM as previously described (Jiang et al, 2016). The
EPM apparatus consisted of several parts including one central
part (8 cm x 8 cm), two opposing open and closed arms
(30 cm x 8 cm), and non-transparent walls (30 cm in
height). The experiment room was light and temperature-
controlled, and both the plat form and the wall were thoroughly
cleaned between every session using 10% ethanol spray.
Animals were placed individually in the center arena of the
maze (50 cm above the floor) facing the open arm. The
measurement was carried out by observing the amount of
time spent with head and forepaws on the open arms and
closed arms of the maze and the number of entries into each
arm was manually scored for a duration of 5 min. In this
experiment, the total number of entries into the closed arms
is typically considered as an index for locomotor activity of
the respective tested animal. In order to detect anxiety-like and
locomotor behavior, three groups of 8-10 animals each were
injected i.p. with saline (Saline group) and two test groups
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FIGURE 4 | Effect of vehicle, E159, ZOL, and SCO on DIZ-induced deficit in
an inhibitory avoidance conditioned response in rats. Gray columns represent
the mean STLs measured during the retention test (test latencies) and black
columns the mean STLs measured during the training trial before the delivery
of the foot-shock (pre-shock latencies). Rats were injected with E159

(2.5 mg/kg, i.p.), ZOL (10 mg/kg, i.p.), SCO (1 mg/kg, i.p.) or a combination of
ZOL (10 mg/kg) + SCO (1 mg/kg) 30-45 min before the test session.

$pP < 0.001 for mean STLs vs. the value of the (Saline)-treated group.

**P < 0.001 for mean STLs vs. the value of the (DIZ)-treated group.

#P < 0.05 for mean STLs vs. the value of the (DIZ + E159 + ZOL)- and

(DIZ + E159 + SCO)-treated group vs. the value of the (DIZ)-treated group.
Data are expressed as mean 4+ SEM (n = 7).

that received either E159 (2.5 mg/kg) or DZP (10 mg/kg)
(Figures 7A-D).

Statistical Analysis

IBM® SPSS Statistics® version 20 software (IBM Middle East,
Dubai, United Arab Emirates) was used for all statistical
comparisons in all behavioral experiments. Data were expressed
as means + SEM. The effects of E159 on DIZ-induced memory
deficits were analyzed using a two-way analysis of variance
(ANOVA) with Treatment (vehicle or E159) and Dose (E159) as
the between-subjects factor. The effect of E159 in combination
with PYR, ZOL, or SCO on STL time was analyzed using
one-way ANOVA with Treatment as the between-subject factor.
The effects of E159 with the most promising dose in PAP
(2.5 mg/kg) on DIZ-induced amnesia in NOR test were analyzed
using a mixed repeated-measure two-way analysis of variance
(ANOVA) with Treatment (vehicle or E159) and Dose (E159;
2.5 mg/kg, i.p.) as the between-subjects factor. The effect of
E159 (2.5 mg/kg) in EPM test were assessed by measuring the
time spent on the open arms and closed arms of the maze
as well as the number of entries into each arm. The results
observed in EPM test were analyzed using one-way ANOVA
with Treatment as the between-subject factor. In case of a
significant main effect, post hoc comparisons were performed
with Bonferroni’s test. The criterion for statistical significance was
setat p < 0.05.
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FIGURE 5 | Effects of E159 on DIZ-induced STM cognitive deficits in the
object recognition test in rats. Thirty minutes following training session T1,
E159 (2.5 mg/kg), RAMH (10 mg/kg), DOZ (1 mg/kg), or DIZ (0.1 mg/kg) was
administrated intraperitoneally. The test session T2 was performed 120 min
(STM) after the training session T1. Results are calculated as individual
percentage of time spent exploring familiar (black columns) and novel (gray
columns) objects. Data represent mean + SEM of 6-8 animals per
experimental group. ***P < 0.001 vs. respective familiar object.
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FIGURE 6 | Effects of E159 on DIZ-induced LTM cognitive deficits in the
object recognition test in rats. Thirty minutes following training session T1,
E159 (2.5 mg/kg), DOZ (1 mg/kg), or DIZ (0.1 mg/kg) was administrated
intraperitoneally. The test session T2 was performed 24 h (LTM) after the
training session T1 in which E159 (2.5 mg/kg) was administered 30-45 min
before T2. Results are calculated as individual percentage of time spent
exploring familiar (black columns) and novel (gray columns) objects. Data
represent mean £+ SEM of 6-8 animals per experimental group. ***P < 0.001
vs. respective familiar object.
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FIGURE 7 | Effects of acute E159 pretreatment on exploratory behavior in the EPM test. E159 (0 or 2.5 mg/kg) did not change the percentage of time spent on the
open arms of the EPM (A), the number of entries into the open arms (B), and the percentage of entries into the open arms (C). Pretreatment with the H3R
antagonist/inverse agonist E159 did not affect the number of closed arm entries (D). However, DZP significantly increased the percentage of time spent on the open
arms of the EPM (A), increased the number of entries into the open arms (B) and the percentage of entries into the open arms (C), without significant alteration in
the number of closed arm entries (D). Data are expressed as mean + SEM (n = 8-10). *P < 0.05 for the value of DZP-treated group vs. the value of the E159
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RESULTS

Effects of E159, DOZ, and PIT on
DIZ-Induced Memory Impairment in

Step-Through PAP

Figure 2 shows the effect of E159 (2.5, 5, and 10 mg/kg),
DOZ (1 mg/kg), and PIT (10 mg/kg) on DIZ-induced memory
impairments in step-through PAP in rats. When injected before
the retention test, one-way analysis of variance showed that
acute systemic prtreatment with E159 (2.5, 5, and 10 mg/kg),
DOZ (1 mg/kg), and PIT (10 mg/kg) exihbited a significant
effect on STLs [F(13,84)y = 9.691; P < 0.001]. Also and as
compared to the (saline)-treated group, subsequent post hoc
analyses showed that DIZ (0.1 mg/kg) decreased STL time
with [F(112) = 820.401; P < 0.001]. In addition, E159 (2.5
and 5 mg/kg), DOZ (1 mg/kg), and PIT (10 mg/kg) exerted
significant memory-enhancing effect on STLs when compared
to (DIZ)-treated group with [F(; 12y = 34.631; P < 0.001],
[Fa.iz) = 15392 P < 0.001], [F(1.12 = 95.365; P < 0.001],
and [F(1,12) = 30.074; P < 0.001], respectively. The procognitive
effects observed for E159 at a dose of 2.5 mg/kg were not
significantly different from (Saline)-treated rats (p = 0.1703).
However, E159 tested at a dose of 10 mg/kg failed to exhibit

significant memory enhancing effect when compared to (DIZ)-
treated group (p = 0.093).

Effects of PYR and ZOL on the
E159-Provided Memory Improvement in
DIZ-Induced Deficit in Step-Through PAP

For this experiment, separate groups of rats (n = 7 for
each group) were pretreated with either the CNS-penetrant
HI1R antagonist PYR (10 mg/kg) or the CNS-penetrant H2R
antagonist ZOL (10 mg/kg) 30-45 min prior to the test
session. As shown in Figure 3, pairwise comparisons reported
that, as expected, acute systemic pretreatment with E159
(2.5 mg/kg, ip.) prolonged STL time when compared to
the (DIZ)-treated group with [F(j 12y = 34.346; P < 0.001].
This E159-provided prolongation of STL time was partly
abrogated following ZOL [F(1,12) = 9.437; p = 0.009:
Saline + DIZ + E159 vs. DIZ + E159 + ZOL], but not following
an acute systemic administration with PYR when compared to
(Saline + DIZ + E159)-treated group [F(1,12) = 2.082; p = 0.175].
Notably, neither Saline + Saline + DIZ vs. Saline + DIZ + PYR,
nor Saline + Saline + Saline vs. Saline 4+ DIZ + ZOL differences
were found to be significant (p = 0.70 and p = 0.47, respectively)
(Figure 3).
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Effects of ZOL, SCO, and a Combination
of ZOL and SCO on the E159-Provided
Memory-Improvement in DIZ-Induced
Deficit in Step-Through PAP

As depicted in Figure 4, one-way analysis of variance showed
that acute systemic pretest administration with E159 (2.5 mg/kg),
ZOL (10 mg/kg), SCO (1 mg/kg), and combination of ZOL
(10 mg/kg) with SCO (1 mg/kg) exerted a significant memory
improving effect on STLs [F (7 48) = 29.436; P < 0.001]. Moreover,
subsequent post hoc analyses revealed that DIZ (0.1 mg/kg)
reduced STL time with [F(112) = 849.171; P < 0.001] when
compared to the (Saline)-treated group (Figure 4). Furthermore,
E159 (2.5 mg/kg) exhibited significant improving effect on STLs
with [F(1,12) = 34.346; P < 0.001] when compared to (DIZ)-
treated group, and this E159-induced improvement of STL
time was not completely abrogated following acute systemic
co-administration with ZOL (10 mg/kg) or SCO (1 mg/kg)
with [F(1,12) = 21.382; P < 0.001: Saline + Saline + DIZ
vs. DIZ + E159 + ZOL] and [F(,12) = 8.429; P < 0.05:
Saline + Saline + DIZ vs. DIZ + E159 + SCO]. In addition,
an acute systemic pretreatment with ZOL (10 mg/kg) combined
with SCO (1 mg/kg) showed significantly higher abrogative effect
on the E159-provided memory improvement when compared
with the abrogation observed by ZOL or SCO administered
alone with [F(1,12) = 11.466; P < 0.05: DIZ 4 E159 + ZOL vs.
DIZ + E159 + ZOL + SCO] and [F(1.12) = 5.288; P < 0.05:
DIZ + E159 + SCO vs. DIZ + E159 4 ZOL + SCO], respectively.
Interestingly, SCO failed to alter STL time in both (Saline)-
and Saline 4 DIZ-treated group (p = 0.757 and p = 0.334,
respectively) (Figure 4).

Effects of E159 and DOZ on DIZ-Induced
STM Deficits in NOR

The results observed in NOR test for the total time exploring
both objects during training and test session of the respective
group revealed that there were no significant differences
between (Saline)- and DIZ-treated groups (Table 1). The latter
observation is important to exclude any confounding factors,
e.g., that the acute post-training injection with DIZ in the first
experiment did not modulate locomotor activity or motivation
as sensorimotor parameters. Also, statistical analyses of results
observed for exploratory time during T1 revealed that no
significant differences were present in exploration between
the two identical objects. Figure 5 shows the effect of E159
(2.5 mg/kg) and DOZ (1 mg/kg) on DIZ-induced STM deficits of
memory in NOR. Moreover, one-way analysis of variance showed
that acute systemic pretreatment with E159 (2.5 mg/kg) and
DOZ (1 mg/kg) exhibited a significant effect on exploratory time
spent with both objects in T2 with [F(7 40) = 5.799; P < 0.001]
when injected 30 min after training session T1. As shown by
subsequent post hoc tests, DIZ (0.1 mg/kg) decreased memory
for the novel object in T2 with [F(1 12) = 205.423; P < 0.001]
when compared to the (saline)-treated group. However, E159
(2.5 mg/kg) enhanced impaired STM when compared to (DIZ)-
treated group with [F(12) = 24.396; P < 0.001], and was

comparable to the DOZ(1 mg/kg)-provided memory-enhancing
effect (p = 0.706) (Figure 5). Moreover, discrimination indices
measured for the different groups in STM support the latter
observed results (Table 1).

Effects of E159 and DOZ on DIZ-Induced
LTM Deficits in NOR

One-way analysis of variance revealed that acute systemic
pretreatment with E159 (2.5 mg/kg) and DOZ (1 mg/kg) exerted
no significant effect on time spent exploring objects in T2
with [F(5,30) = 1.293; p = 0.293] when injected 30 min after
training session T1 and 60 min before T2 and 24 h later
(Figure 6). As shown by subsequent post hoc analyses, DIZ
(0.1 mg/kg) impaired memory for the novel object in T2 with
[F(1,10) = 12.788; P < 0.05] when compared to the (Saline)-
treated group (Figure 6). Moreover, acute systemic pretreatment
with DOZ (1 mg/kg) enhanced LTM with [F(j 19y = 7.485;
P < 0.05] as compared to (DIZ)-treated group. However, E159
(2.5 mg/kg) failed to significantly enhance LTM when compared
to (DIZ)-treated group with [F(1,10) = 1.094; p = 0.320]. Also,
acute systemic administration of E159 (2.5 mg/kg) or DOZ
(1 mg/kg, ip.) alone failed to modulate LTM in T2 when
compared to the DIZ-treated group with [F(10) = 2.285;
p = 0.057] and [Fu,100 = 0.765; p = 0.402], respectively
(Figure 6). Also, observed discrimination indices for the
different treated groups support the latter results in LTM
(Table 1).

Effect of E159 on Rat Performance in
EPM Test

Figure 7 shows the effects of acute administration of E159 (0
or 2.5 mg/kg) on the percentage of time spent in open arms,
number of entries into open arms, percentage entries into open
arms, and locomotor activity (number of entries into closed arm)
of rats observed in the EPM test. Post hoc analyses indicated
that compared to saline, E159 failed to alter the percentage
of time spent exploring the open arms of the maze during a
5-min session with [F(,14) = 0.001, p = 0.981] as compared
to the (Saline)-treated group (Figure 7A). Moreover, statistical
analyses of data describing the number and percentage of entries
into the open arms of the maze [F(1,12) = 1.389, p = 0.261;
F1,100 = 0.003, p = 0.954, respectively) generated essentially
the same results. As shown in Figures 7B,C, no significant
difference from that obtained with the (Saline)-treated group
were observed following acute systemic administration with
E159 (2.5 mg/kg). However, the percentage time spent in open
arms and number and percentage of entries into open arms
were significantly modulated after acute systemic administration
of DZP (10 mg/kg, ip.) with [F 12 = 14.482, P < 0.05],
[F(I,IO) = 13.257, P < 0.05], and [F(l,ll) = 15.805, P < 0.05],
respectively (Figures 7A-C). Interestingly, the number of closed
arm entries following E159 (2.5 mg/kg) or DZP (10 mg/kg)
injections with [F(1 14y = 0.554, p = 0.469] and [F(y 12) = 1.311,
p = 0.275] were not significantly changed, indicating that
locomotor activity per se was not modulated subsequent to
acute administrations of E159 or DZP when compared to
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TABLE 1 | Effects of E159 on DIZ-induced total amount of time spent exploring both objects during object recognition training and test session in rats.

Time exploring objects (s)

Discrimination index “D”?

Group n STM T1 STM T2 LTM T1 LTM T2 STM LTM
Saline 6 37.50 + 3.20 37.83 £ 3.39 36.67 + 2.95 30.83 4 3.22 0.51 +0.05 0.36 + 0.04
DIZ (0.1 mg/kg) 8 36.00 +2.73 4225 £ 1.57 23.33 + 2.01 2267 £2.35 0.03 + 0.01* 0.03 + 0.07*
DIZ + E159 (2.5 mg/kg) 8 23.75+2.18 22.67 + 4.84 24.63 £+ 2.74 27.67 + 3.48 0.14 + 0.05" 0.05 £ 0.09
DIZ + E159 (2.5 mg/kg) + RAMH (10 mg/kg) 6 37.50 + 1.52 4117 £2.43 ND ND 0.06 + 0.11 ND

DIZ + DOZ (1 mg/kg) 6 2483 £1.72 25.33 £ 1.68 23.00 + 3.34 21.00 + 2.49 0.28 +£0.11* 0.32 +0.07*
DIZ -+ RAMH (10 mg/kg) 6 23.50 + 1.41 24.33 £ 1.59 ND ND 0+0.02 ND
Saline + E159 (2.5 mg/kg) 6 35.67 +£2.93 37.33 £2.19 35.50 + 2.78 36.83 + 1.46 0.36 + 0.07 0.24 +0.15
Saline + RAMH (10 mg/kg) 6 35.67 £2.93 32.33 £ 1.59 ND ND 0.34 +0.09 ND

Data are expressed as mean + SEM of 6-10 animals per experimental group. There were no significant differences among training and test exploring time in STM and

LTM group of each respective treatment.

aDiscrimination index (D) calculated as; D = N — F/N + F, where N and F are the time spent with novel object and familiar object, respectively. ND, not determined.
*P < 0.05 for mean D vs. the value of the (DIZ)-treated group vs. value of (Saline)-treated group. *P < 0.05 for mean D vs. the value of the (Saline)- and (DIZ + E159)-treated
group vs. the value of the (DIZ)-treated group. Data are expressed as mean + SEM (n = 7).

that obtained with saline pretreatment (Figure 7D). Therefore,
the detected behavioral alterations were not influenced by any
substantial modifications in the traveled distance during the test
period.

DISCUSSION

Mounting evidences show that acute systemic administration
of NMDAR antagonists such as DIZ (Luby et al, 1959)
reduces performance of experimental rodents in a wide-
ranging varieties of learning and memory tasks (Javitt and
Zukin, 1991) including PAP and NOR (Luby et al, 1959
Ghoneim et al., 1985; Javitt and Zukin, 1991; Krystal et al,
1994; Malhotra et al, 1997; Brown et al., 2013; Khan et al,,
2015; Sadek and Stark, 2015; Sadek et al., 2016a,c). Therefore,
DIZ-induced dementia has been commonly used to evaluate
potential therapeutic agents for treating AD and CDS (Luby
et al., 1959; Ghoneim et al., 1985; Javitt and Zukin, 1991;
Krystal et al, 1994; Malhotra et al, 1997; Brown et al,
2013). In this study, acute systemic administration of E159
only at lower doses (2.5 and 5 mg/kg) significantly reversed
the DIZ-induced memory deficits in PAP test in adult rats
(Figure 2). It has been proposed that NMDA receptors
participate with a significant function in several stages of
memory, namely consolidation and retrieval processes (Vorobjev
et al, 1993; Brabant et al, 2009, 2013). Therefore, it is
possible that in our experiments E159 moderately reduced DIZ-
induced memory deficits through direct stimulation of NMDA
receptors by the increased release of central histamine as a
consequence of blocking histamine H3 auto-receptors by this
class of H3R antagonists. These results are in consensus with
earlier observations in which histamine was found to improve
transmission in cultured hippocampal cells mediated by NMDA
receptors, indicating that the interaction between histamine and
NMDA receptors possibly will enable the histamine’s capability
reduce DIZ-induced memory deficits (Vorobjev et al., 1993;
Xu et al., 2005; Brabant et al, 2013; Sadek et al., 2016a).
Importantly, the memory-enhancing effect observed for E159

was dose-dependent, since the improvement of memory provided
by E159 (2.5 mg/kg) in the DIZ-induced amnesia model
was significantly higher when compared to the higher doses
(5 and 10 mg/kg), demonstrating that an optimum in memory-
enhancing effect was observed when the H3R antagonist/inverse
agonist E159 was applied at the lowest dose (2.5 mg/kg),
and an off-target effect for E159 at higher doses (5 and
10 mg/kg) might have been observed in the current study
(Figure 2). The latter observations of dose dependency are,
also, in agreement with earlier experimental results conducted
in different rodents (Benetti and Izquierdo, 2013; Benetti et al.,
2013; Sadek et al., 2015). Moreover, the observed cognitive
enhancing effects for E159 (2.5 mg/kg) were similar to those
obtained for the reference H3R antagonist/inverse agonist PIT
and the reference drug DOZ (Figure 2). Furthermore, the
E159 (2.5 mg/kg)-provided memory-enhancing effects were
moderately reversed when rats were administered with the CNS-
penetrant H2R antagonist ZOL but not with the CNS-penetrant
HI1R antagonist PYR. The latter observation confirmed our
previous results observed for the non-imidazole H3R antagonist
DL77 (2.5-10 mg/kg) in different memory processes, namely
acquisition, consolidation, and retrieval (Sadek et al., 2016e).
The ameliorative effects found for E159 in DIZ-induced memory
deficits further indicate that histaminergic pathways through
activation of H2Rs are fundamentally contributing in neuronal
pathways important for alteration of retrieval processes. An
additional experiment revealed that the E159-provided memory-
enhancing effect was, also, moderately abrogated when animals
were administered with SCO, however, significantly further
abrogated when animals were administered with a combination
of SCO and ZOL (Figure 3). The latter experimental finding
clearly indicates that cholinergic muscarinic neurotransmission
as well as histaminergic circuits through activation of H2Rs
are strongly involved in the E159-provided memory enhancing
effects (Figure 3). Unlike the PAP test, NOR test in rodents
measures natural behavior of rodents and advantages from
their distinctive curiosity for discovering their surroundings,
and it does not comprise a punishment or a reward.
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Notably, the NOR is a paradigm used in rodent models
to capture characteristics of the neurodevelopmental basis of
CDS by interpreting the results without confounding factors,
e.g., side effects such as antinociceptive effect of several old-
generation imidazole-based H3R antagonists/inverse agonists,
e.g., thioperamide (Jaaro-Peled, 2009; Tseng et al., 2009; Brown
et al., 2013), and it was found to show high sensitivity
to both cognition impairing (Ennaceur and Delacour, 1988;
Ennaceur and Meliani, 1992a,b) and enhancing agents (Lebrun
et al., 2000; Barak and Weiner, 2011). The results observed in
the current study showed that acute systemic post-training
administration of E159 (2.5 mg/kg) significantly improved
the time spent to explore the novel object compared with
the familiar object, and delivered a type of STM (Figure 5).
These results are in line with earlier observations which
revealed that numerous imidazole-based H3R antagonists, e.g.,
thioperamide and clobenpropit (Giovannini et al., 1999), and
non-imidazole based H3R antagonists, e.g., PIT (Ligneau et al.,
2007); GSK189254 (Giannoni et al., 2010), SAR110894 (Griebel
et al., 2012), and ABT-239 (Provensi et al., 2016) ameliorate the
amnesic effects of SCO, DIZ or time in rodents in NOR tests.
Interestingly, the STM-enhancing effects provided with E159
in DIZ-induced memory deficits were significantly abrogated
after animals were co-injected with the CNS-penetrant H3R
agonist RAMH (Figure 5). The latter observations are in line
with an earlier preclinical study in which RAMH abolished
the memory-enhancing effects obtained by the imidazole-based
H3R antagonist ciproxifan on STM in mice (Pascoli et al.,
2009). Contrary, acute systemic post-training administration
of E159 (2.5 mg/kg) failed to increase the time spent
exploring the novel objects when compared with the familiar
objects in LTM (Figure 6). These results in NOR obviously
indicate that histaminergic H3Rs are profoundly contributing
in neuronal circuits involved in the E159-provided STM-
memory enhancing effects, but not in LTM-enhancing effects
(Figure 6). Moreover, the discrepancies observed for E159 in
PAP and NOR might be explained with the differences of
conducts and measured features of both models in rodents.
Accordingly, NOR measures natural behavior of animals and
advantages from their distinctive curiosity for discovering
their surroundings, and it does not comprise a punishment
or a reward. Also, NOR is a commonly used paradigm
in rodents capture characteristics of the neurodevelopmental
basis of CDS (Jaaro-Peled, 2009; Tseng et al, 2009; Brown
et al, 2013). Interestingly, several H3R antagonists were in
previous preclinical studies identified as promising targets
for CDS and were proposed to be of potential therapeutic
value based on the fact that H3R functions as auto- and
hetero-receptor, thus, modulating the biosynthesis and release
of several neurotransmitters, including histamine, dopamine,
and acetylcholine, which are important for cognitive functions
(Brioni et al, 2011; Sadek and Stark, 2015; Sadek et al.,
2016c). Notably, E159 at the dose of 2.5 mg/kg, the dose
that provided the most promising procognitive effect in PAP
and NOR, failed to change anxiety levels and locomotor
activity of the tested rodents (Figures 7A-D). Moreover, E159

used at the same dose did not alter the number of closed
arm entries, indicating that E159 did not change locomotor
activity of rodents (Figure 7D). The latter observations are
significant, since improved performance in PAP or NOR
can be the consequence of several variables not related to
memory-enhancing effects such as modifications in emotional
responding or in spontaneous locomotor activity (McGaugh
and Roozendaal, 2009; Charlier et al., 2013). These results
are, also, in agreement with previous observations in which
acute systemic administration of the H3R antagonist DL77
(2.5-10 mg/kg) failed to modify spontaneous locomotor activity
of the same animal species in the open field test (Sadek et al,
2016e).

CONCLUSION

The observed results show that the non-imidazole H3R
antagonist E159 reduces DIZ-induced cognitive deficits in
PAP and NOR task in adult male rats. Also, the results
observed in PAP reveals that acute systemic pretreatment
with E159 in DIZ-induced amnesia models significantly
ameliorates cognitive impairments via mechanisms dependent
on cholinergic muscarinic neurotransmission and - at
least partially - H2Rs activation. Moreover, the present
results strongly support the potential therapeutic value of
histamine H3R antagonists in the treatment of neuropsychiatric
diseases, e.g., AD and CDS. Nonetheless, additional preclinical
experiments are still warranted with a series of further
behavioral test models and with different rodent species to
increase the validity of the translational value for possible
applicability of H3R antagonists/inverse agonists in the
modulation of memory impairment in several neuropsychiatric
diseases.

AUTHOR CONTRIBUTIONS

BS was responsible for the study concept, design, acquisition, and
analysis of animal data. AA conducted behavioral experiments.
KK-K and DL were responsible for the generation, synthesis,
and pharmacological in vitro characterization the H3R antagonist
DL77. BS drafted the manuscript. KK-K, D%, and AA provided
critical revision for the manuscript. All authors critically reviewed
content and approved final version for publication.

ACKNOWLEDGMENTS

BS was supported by intermural research grants sponsored
by the Research Office of United Arab Emirates University.
The authors acknowledge the partial support of Polish
National Science Center granted on the basis of decision
numbers DEC-2011/02/A/NZ4/00031; K/ZDS/007121. Support
was kindly provided by the EU COST Action CA151315
(KK-K and DL).

Frontiers in Pharmacology | www.frontiersin.org

October 2017 | Volume 8 | Article 709


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Alachkar et al

E159 Ameliorates Memory Deficits

REFERENCES

Amon, M., Ligneau, X., Camelin, J. C., Berrebi-Bertrand, I., Schwartz, J. C., and
Stark, H. (2007). Highly potent fluorescence-tagged nonimidazole histamine
H3 receptor ligands. ChemMedChem 2, 708-716. doi: 10.1002/cmdc.200600270

Barak, S., and Weiner, I. (2011). Putative cognitive enhancers in preclinical models
related to schizophrenia: the search for an elusive target. Pharmacol. Biochem.
Behav. 99, 164-189. doi: 10.1016/j.pbb.2011.03.011

Bardgett, M. E., Davis, N. N., Schultheis, P. J., and Griffith, M. S. (2010). Ciproxifan,
an H3 receptor antagonist, alleviates hyperactivity and cognitive deficits in the
APP Tg2576 mouse model of Alzheimer’s disease. Neurobiol. Learn. Mem. 95,
64-72. doi: 10.1016/j.nlm.2010.10.008

Baronio, D., Gonchoroski, T., Castro, K., Zanatta, G., Gottfried, C., and Riesgo, R.
(2014). Histaminergic system in brain disorders: lessons from the translational
approach and future perspectives. Ann. Gen. Psychiatry 13:34. doi: 10.1186/
$12991-014-0034-y

Benetti, F., Baldi, E., Bucherelli C., Blandina, P., and Passani, M. B.
(2013). Histaminergic ligands injected into the nucleus basalis
magnocellularis differentially affect fear conditioning consolidation. Int. J.
Neuropsychopharmacol. 16, 575-582. doi: 10.1017/S1461145712000181

Benetti, F., and Izquierdo, I. (2013). Histamine infused into basolateral
amygdala enhances memory consolidation of inhibitory avoidance. Int.
J.  Neuropsychopharmacol. 16, 1539-1545. doi: 10.1017/S14611457120
01514

Bernaerts, P., Lamberty, Y., and Tirelli, E. (2004). Histamine H3 antagonist
thioperamide dose-dependently enhances memory consolidation and reverses
amnesia induced by dizocilpine or scopolamine in a one-trial inhibitory
avoidance task in mice. Behav. Brain Res. 154, 211-219. doi: 10.1016/j.bbr.2004.
02.017

Bhowmik, M., Khanam, R., and Vohora, D. (2012). Histamine H3 receptor
antagonists in relation to epilepsy and neurodegeneration: a systemic
consideration of recent progress and perspectives. Br. J. Pharmacol. 167,
1398-1414. doi: 10.1111/.1476-5381.2012.02093.x

Bishara, D. (2010). Once-monthly paliperidone injection for the treatment of
schizophrenia. Neuropsychiatr. Dis. Treat. 6, 561-572. doi: 10.2147/NDT.S8505

Brabant, C., Alleva, L., Grisar, T., Quertemont, E., Lakaye, B., Ohtsu, H., et al.
(2009). Effects of the H3 receptor inverse agonist thioperamide on cocaine-
induced locomotion in mice: role of the histaminergic system and potential
pharmacokinetic interactions. Psychopharmacology 202, 673-687. doi: 10.1007/
s00213-008-1345-y

Brabant, C., Charlier, Y., and Tirelli, E. (2013). The histamine H(3)-receptor
inverse agonist pitolisant improves fear memory in mice. Behav. Brain Res. 243,
199-204. doi: 10.1016/j.bbr.2012.12.063

Brioni, J. D., Esbenshade, T. A., Garrison, T. R,, Bitner, S. R., and Cowart, M. D.
(2011). Discovery of histamine H3 antagonists for the treatment of cognitive
disorders and Alzheimers disease. J. Pharmacol. Exp. Ther. 336, 38-46.
doi: 10.1124/jpet.110.166876

Browman, K. E., Komater, V. A., Curzon, P, Rueter, L. E., Hancock, A. A., Decker,
M. W,, et al. (2004). Enhancement of prepulse inhibition of startle in mice by
the H3 receptor antagonists thioperamide and ciproxifan. Behav. Brain Res. 153,
69-76. doi: 10.1016/j.bbr.2003.11.001

Brown, J. W., Whitehead, C. A., Basso, A. M., Rueter, L. E., and Zhang, M. (2013).
Preclinical evaluation of non-imidazole histamine H3 receptor antagonists in
comparison to atypical antipsychotics for the treatment of cognitive deficits
associated with schizophrenia. Int. J. Neuropsychopharmacol. 16, 889-904.
doi: 10.1017/S1461145712000739

Cavalli, A., Bolognesi, M. L., Minarini, A., Rosini, M., Tumiatti, V., Recanatini, M.,
et al. (2008). Multi-target-directed ligands to combat neurodegenerative
diseases. J. Med. Chem. 51, 347-372. doi: 10.1021/jm7009364

Charlier, Y., Brabant, C., Serrano, M. E., Lamberty, Y., and Tirelli, E. (2013).
The prototypical histamine H3 receptor inverse agonist thioperamide improves
multiple aspects of memory processing in an inhibitory avoidance task. Behav.
Brain Res. 253, 121-127. doi: 10.1016/j.bbr.2013.07.016

da Silva, A. L., Silva Martins, B., Linck Vde, M., Herrmann, A. P., Mai, N., Nunes,
D.S., etal. (2009). MK801- and scopolamine-induced amnesias are reversed by
an Amazonian herbal locally used as a “brain tonic”. Psychopharmacology 202,
165-172. doi: 10.1007/s00213-008-1272-y

de Lima, M. N,, Laranja, D. C., Bromberg, E., Roesler, R., and Schroder, N. (2005).
Pre- or post-training administration of the NMDA receptor blocker MK-801
impairs object recognition memory in rats. Behav. Brain Res. 156, 139-143.
doi: 10.1016/j.bbr.2004.05.016

Doraiswamy, P. M. (2002). Non-cholinergic strategies for treating and preventing
Alzheimer’s disease. CNS Drugs 16, 811-824. doi: 10.2165/00023210-
200216120-00003

Ennaceur, A., and Delacour, J. (1988). A new one-trial test for neurobiological
studies of memory in rats. 1: behavioral data. Behav. Brain Res. 31, 47-59.
doi: 10.1016/0166-4328(88)90157-X

Ennaceur, A., and Meliani, K. (1992a). A new one-trial test for neurobiological
studies of memory in rats. IIL. Spatial vs. non-spatial working memory. Behav.
Brain Res. 51, 83-92.

Ennaceur, A., and Meliani, K. (1992b). Effects of physostigmine and scopolamine
on rats performances in object-recognition
Psychopharmacology 109, 321-330.

Esbenshade, T. A., Browman, K. E., Bitner, R. S., Strakhova, M., Cowart, M. D.,
and Brioni, J. D. (2008). The histamine H3 receptor: an attractive target
for the treatment of cognitive disorders. Br. J. Pharmacol. 154, 1166-1181.
doi: 10.1038/bjp.2008.147

Ghoneim, M. M., Hinrichs, J. V., Mewaldt, S. P., and Petersen, R. C. (1985).
Ketamine: behavioral effects of subanesthetic doses. J. Clin. Psychopharmacol.
5,70-77. doi: 10.1097/00004714- 198504000- 00003

Giannoni, P., Medhurst, A. D., Passani, M. B., Giovannini, M. G., Ballini, C.,
Corte, L. D., et al. (2010). Regional differential effects of the novel
histamine H3 receptor antagonist 6-[(3-cyclobutyl-2,3,4,5-tetrahydro-1H-
3-benzazepin-7-yl)oxy]-N-methyl-3-pyridine  carboxamide hydrochloride
(GSK189254) on histamine release in the central nervous system of freely
moving rats. J. Pharmacol. Exp. Ther. 332, 164-172. doi: 10.1124/jpet.109.
158444

Giovannini, M. G., Bartolini, L., Bacciottini, L., Greco, L., and Blandina, P.
(1999). Effects of histamine H3 receptor agonists and antagonists on cognitive
performance and scopolamine-induced amnesia. Behav. Brain Res. 104,
147-155. doi: 10.1016/50166-4328(99)00063-7

Goshadrou, F., Kermani, M., Ronaghi, A., and Sajjadi, S. (2013). The effect of
ghrelin on MK-801 induced memory impairment in rats. Peptides 44, 60-65.
doi: 10.1016/j.peptides.2013.03.022

Griebel, G., Pichat, P., Pruniaux, M. P., Beeske, S., Lopez-Grancha, M., Genet, E.,
etal. (2012). SAR110894, a potent histamine H(3)-receptor antagonist, displays
procognitive effects in rodents. Pharmacol. Biochem. Behav. 102, 203-214.
doi: 10.1016/j.pbb.2012.04.004

Harada, C., Hirai, T., Fujii, Y., Harusawa, S., Kurihara, T., and Kamei, C. (2004).
Intracerebroventricular administration of histamine H3 receptor antagonists
decreases seizures in rat models of epilepsia. Methods Find. Exp. Clin.
Pharmacol. 26, 263-270.

Isensee, K., Amon, M., Garlapati, A., Ligneau, X., Camelin, J. C., Capet, M., et al.
(2009). Fluorinated non-imidazole histamine H3 receptor antagonists. Bioorg.
Med. Chem. Lett. 19, 2172-2175. doi: 10.1016/.bmcl.2009.02.110

Izquierdo, I., Medina, J. H., Vianna, M. R, Izquierdo, L. A., and Barros, D. M.
(1999). Separate mechanisms for short- and long-term memory. Behav. Brain
Res. 103, 1-11. doi: 10.1016/S0166-4328(99)00036- 4

Jaaro-Peled, H. (2009). Gene models of schizophrenia: DISC1 mouse models. Prog.
Brain Res. 179, 75-86. doi: 10.1016/S0079-6123(09)17909-8

Javitt, D. C., and Zukin, S. R. (1991). Recent advances in the phencyclidine model
of schizophrenia. Am. J. Psychiatry 148, 1301-1308. doi: 10.1176/ajp.148.10.
1301

Jiang, Y. M., Li, X. J., Meng, Z. Z., Liu, Y. Y., Zhao, H. B, Li, N, et al. (2016). Effects
of xiaoyaosan on stress-induced anxiety-like behavior in rats: involvement
of CRF1 receptor. Evid Based Complement. Alternat. Med. 2016:1238426.
doi: 10.1155/2016/1238426

Karasawa, J., Hashimoto, K., and Chaki, S. (2008). D-Serine and a glycine
transporter inhibitor improve MK-801-induced cognitive deficits in a novel
object recognition test in rats. Behav. Brain Res. 186, 78-83. doi: 10.1016/j.bbr.
2007.07.033

Khan, N, Saad, A., Nurulain, S. M., Darras, F. H., Decker, M., and Sadek, B. (2015).
The dual-acting H3 receptor antagonist and AChE inhibitor UW-MD-71
dose-dependently enhances memory retrieval and reverses dizocilpine-induced

and radial-maze tests.

Frontiers in Pharmacology | www.frontiersin.org

October 2017 | Volume 8 | Article 709


https://doi.org/10.1002/cmdc.200600270
https://doi.org/10.1016/j.pbb.2011.03.011
https://doi.org/10.1016/j.nlm.2010.10.008
https://doi.org/10.1186/s12991-014-0034-y
https://doi.org/10.1186/s12991-014-0034-y
https://doi.org/10.1017/S1461145712000181
https://doi.org/10.1017/S1461145712001514
https://doi.org/10.1017/S1461145712001514
https://doi.org/10.1016/j.bbr.2004.02.017
https://doi.org/10.1016/j.bbr.2004.02.017
https://doi.org/10.1111/j.1476-5381.2012.02093.x
https://doi.org/10.2147/NDT.S8505
https://doi.org/10.1007/s00213-008-1345-y
https://doi.org/10.1007/s00213-008-1345-y
https://doi.org/10.1016/j.bbr.2012.12.063
https://doi.org/10.1124/jpet.110.166876
https://doi.org/10.1016/j.bbr.2003.11.001
https://doi.org/10.1017/S1461145712000739
https://doi.org/10.1021/jm7009364
https://doi.org/10.1016/j.bbr.2013.07.016
https://doi.org/10.1007/s00213-008-1272-y
https://doi.org/10.1016/j.bbr.2004.05.016
https://doi.org/10.2165/00023210-200216120-00003
https://doi.org/10.2165/00023210-200216120-00003
https://doi.org/10.1016/0166-4328(88)90157-X
https://doi.org/10.1038/bjp.2008.147
https://doi.org/10.1097/00004714-198504000-00003
https://doi.org/10.1124/jpet.109.158444
https://doi.org/10.1124/jpet.109.158444
https://doi.org/10.1016/S0166-4328(99)00063-7
https://doi.org/10.1016/j.peptides.2013.03.022
https://doi.org/10.1016/j.pbb.2012.04.004
https://doi.org/10.1016/j.bmcl.2009.02.110
https://doi.org/10.1016/S0166-4328(99)00036-4
https://doi.org/10.1016/S0079-6123(09)17909-8
https://doi.org/10.1176/ajp.148.10.1301
https://doi.org/10.1176/ajp.148.10.1301
https://doi.org/10.1155/2016/1238426
https://doi.org/10.1016/j.bbr.2007.07.033
https://doi.org/10.1016/j.bbr.2007.07.033
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Alachkar et al

E159 Ameliorates Memory Deficits

memory impairment in rats. Behav. Brain Res. 297, 155-164. doi: 10.1016/j.bbr.
2015.10.022

Krystal, J. H., Karper, L. P., Seibyl, J. P., Freeman, G. K., Delaney, R., Bremner,
J. D., et al. (1994). Subanesthetic effects of the noncompetitive NMDA
antagonist, ketamine, in humans. Psychotomimetic, perceptual, cognitive, and
neuroendocrine responses. Arch Gen. Psychiatry 51, 199-214. doi: 10.1001/
archpsyc.1994.03950030035004

Large, C. H. (2007). Do NMDA receptor antagonist models of schizophrenia
predict the clinical efficacy of antipsychotic drugs? J. Psychopharmacol. 21,
283-301. doi: 10.1177/0269881107077712

Lazewska, D., Ligneau, X., Schwartz, J. C., Schunack, W., Stark, H., and
Kiec-Kononowicz, K. (2006). Ether derivatives of 3-piperidinopropan-1-ol as
non-imidazole histamine H3 receptor antagonists. Bioorg. Med. Chem. 14,
3522-3529. doi: 10.1016/j.bmc.2006.01.013

Lebrun, C,, Pilliere, E., and Lestage, P. (2000). Effects of S 18986-1, a novel cognitive
enhancer, on memory performances in an object recognition task in rats. Eur. J.
Pharmacol. 401, 205-212. doi: 10.1016/S0014-2999(00)00429- 5

Ligneau, X., Garbarg, M., Vizuete, M. L., Diaz, ]., Purand, K., Stark, H., et al. (1994).
[125]Jiodoproxyfan, a new antagonist to label and visualize cerebral histamine
H3 receptors. J. Pharmacol. Exp. Ther. 271, 452-459.

Ligneau, X., Morisset, S., Tardivel-Lacombe, J., Gbahou, F., Ganellin, C. R,
Stark, H., et al. (2000). Distinct pharmacology of rat and human histamine H(3)
receptors: role of two amino acids in the third transmembrane domain. Br. J.
Pharmacol. 131, 1247-1250. doi: 10.1038/sj.bjp.0703712

Ligneau, X., Perrin, D., Landais, L., Camelin, J. C., Calmels, T. P,
Berrebi-Bertrand, 1., (2007). BF2.649 [1-{3-[3-(4-Chlorophenyl)
propoxy]propyl}piperidine,  hydrochloride], a nonimidazole inverse
agonist/antagonist at the human histamine H3 receptor: preclinical
pharmacology. J. Pharmacol. Exp. Ther. 320, 365-375. doi: 10.1124/jpet.
106.111039

Luby, E. D., Cohen, B. D., Rosenbaum, G., Gottlieb, J. S., and Kelley, R.
(1959). Study of a new schizophrenomimetic drug; sernyl. AMA Arch.
Neurol. Psychiatry 81, 363-369. doi: 10.1001/archneurpsyc.1959.02340150
095011

Malhotra, A. K., Pinals, D. A., Adler, C. M., Elman, I, Clifton, A., Pickar, D., et al.
(1997). Ketamine-induced exacerbation of psychotic symptoms and cognitive
impairment in neuroleptic-free schizophrenics. Neuropsychopharmacology 17,
141-150. doi: 10.1016/S0893-133X(97)00036-5

McGaugh, J. L., and Roozendaal, B. (2009). Drug enhancement of memory
consolidation: historical perspective and neurobiological implications.
Psychopharmacology 202, 3-14. doi: 10.1007/s00213-008-1285-6

Medhurst, A. D., Atkins, A. R,, Beresford, 1. ]., Brackenborough, K., Briggs, M. A.,
Calver, A. R, et al. (2007). GSK189254, a novel H3 receptor antagonist that
binds to histamine H3 receptors in Alzheimer’s disease brain and improves
cognitive performance in preclinical models. J. Pharmacol. Exp. Ther. 321,
1032-1045. doi: 10.1124/jpet.107.120311

Medhurst, A. D., Roberts, J. C., Lee, J., Chen, C. P., Brown, S. H., Roman, S., et al.
(2009). Characterization of histamine H3 receptors in Alzheimer’s disease brain
and amyloid over-expressing TASTPM mice. Br. J. Pharmacol. 157, 130-138.
doi: 10.1111/§.1476-5381.2008.00075.x

Meier, G., Apelt, J., Reichert, U., Grassmann, S., Ligneau, X, Elz, S., et al. (2001).
Influence of imidazole replacement in different structural classes of histamine
H(3)-receptor antagonists. Eur. J. Pharm. Sci. 13, 249-259. doi: 10.1016/50928-
0987(01)00106-3

Orsetti, M., Ferretti, C., Gamalero, R., and Ghi, P. (2002). Histamine H3-receptor
blockade in the rat nucleus basalis magnocellularis improves place recognition
memory. Psychopharmacology 159, 133-137. doi: 10.1007/s002130100892

Orsetti, M., Ghi, P., and Di Carlo, G. (2001). Histamine H(3)-receptor antagonism
improves memory retention and reverses the cognitive deficit induced by
scopolamine in a two-trial place recognition task. Behav. Brain Res. 124,
235-242. doi: 10.1016/S0166-4328(01)00216-9

Pascoli, V., Boer-Saccomani, C., and Hermant, J. F. (2009). H3 receptor antagonists
reverse delay-dependent deficits in novel object discrimination by enhancing
retrieval.  Psychopharmacology 202, 141-152. doi: 10.1007/s00213-008-
1171-2

Passani, M. B., and Blandina, P. (2011). Histamine receptors in the CNS as targets
for therapeutic intervention. Trends Pharmacol. Sci. 32, 242-249. doi: 10.1016/
j.tips.2011.01.003

et al

Provensi, G., Costa, A., Passani, M. B., and Blandina, P. (2016). Donepezil,
an acetylcholine esterase inhibitor, and ABT-239, a histamine H3 receptor
antagonist/inverse agonist, require the integrity of brain histamine system to
exert biochemical and procognitive effects in the mouse. Neuropharmacology
109, 139-147. doi: 10.1016/j.neuropharm.2016.06.010

Sadek, B., Khan, N., Darras, F. H., Pockes, S., and Decker, M. (2016a). The
dual-acting AChE inhibitor and H3 receptor antagonist UW-MD-72 reverses
amnesia induced by scopolamine or dizocilpine in passive avoidance paradigm
in rats. Physiol. Behav. 165, 383-391. doi: 10.1016/j.physbeh.2016.08.022

Sadek, B., Saad, A., Latacz, G., Kuder, K., Olejarz, A., Karcz, T., et al. (2016b).
Non-imidazole-based histamine H3 receptor antagonists with anticonvulsant
activity in different seizure models in male adult rats. Drug Des. Devel. Ther. 10,
3879-3898. doi: 10.2147/DDDT.S116192

Sadek, B., Saad, A., Sadeq, A., Jalal, F., and Stark, H. (2016c¢). Histamine H3 receptor
as a potential target for cognitive symptoms in neuropsychiatric diseases. Behav.
Brain Res. 312, 415-430. doi: 10.1016/j.bbr.2016.06.051

Sadek, B., Saad, A., Schwed, J. S., Weizel, L., Walter, M., and Stark, H. (2016d).
Anticonvulsant effects of isomeric nonimidazole histamine H3 receptor
antagonists. Drug Des. Devel. Ther. 10, 3633-3651. doi: 10.2147/DDDT.S114147

Sadek, B., Saad, A., Subramanian, D., Shafiullah, M., Lazewska, D., and Kiec-
Kononowicze, K. (2016e). Anticonvulsant and procognitive properties of the
non-imidazole histamine H3 receptor antagonist DL77 in male adult rats.
Neuropharmacology 106, 46-55. doi: 10.1016/j.neuropharm.2015.10.023

Sadek, B., Saad, A., Subramanian, D., Shafiullah, M., Lazewska, D., and Kiec-
Kononowicze, K. (2015). Anticonvulsant and procognitive properties of the
non-imidazole histamine H3 receptor antagonist DL77 in male adult rats.
Neuropharmacology 106, 46-55. doi: 10.1016/j.neuropharm.2015.10.023

Sadek, B., and Stark, H. (2015). Cherry-picked ligands at histamine receptor
subtypes. Neuropharmacology 106, 56-73. doi: 10.1016/j.neuropharm.2015.
11.005

Schibli, R., and Schubiger, P. A. (2002). Current use and future potential of
organometallic radiopharmaceuticals. Eur. J. Nucl. Med. Mol. Imaging 29,
1529-1542. doi: 10.1007/s00259-002-0900-8

Schlotter, K., Boeckler, F., Hubner, H., and Gmeiner, P. (2005). Fancy bioisosteres:
metallocene-derived G-protein-coupled receptor ligands with subnanomolar
binding affinity and novel selectivity profiles. J. Med. Chem. 48, 3696-3699.
doi: 10.1021/jm050170s

Shimizu, S., Mizuguchi, Y., Sobue, A., Fujiwara, M., Morimoto, T., and
Ohno, Y. (2015). Interaction between anti-Alzheimer and antipsychotic drugs
in modulating extrapyramidal motor disorders in mice. J. Pharmacol. Sci. 127,
439-445. doi: 10.1016/j.jphs.2015.03.004

Silva, T., Reis, J., Teixeira, J., and Borges, F. (2014). Alzheimer’s disease, enzyme
targets and drug discovery struggles: from natural products to drug prototypes.
Ageing Res. Rev. 15, 116-145. doi: 10.1016/j.arr.2014.03.008

Sultan, A., Yang, K. S., Isaev, D., Nebrisi, E. E., Syed, N., Khan, N., et al. (2017).
Thujone inhibits the function of alpha7-nicotinic acetylcholine receptors and
impairs nicotine-induced memory enhancement in one-trial passive avoidance
paradigm. Toxicology 384, 23-32. doi: 10.1016/j.tox.2017.04.005

Tomasch, M., Schwed, J. S., Paulke, A., and Stark, H. (2013). Bodilisant-a novel
fluorescent, highly affine histamine h3 receptor ligand. ACS Med. Chem. Lett. 4,
269-273. doi: 10.1021/ml1300383n

Tseng, K. Y., Chambers, R. A., and Lipska, B. K. (2009). The neonatal ventral
hippocampal lesion as a heuristic neurodevelopmental model of schizophrenia.
Behav. Brain Res. 204, 295-305. doi: 10.1016/j.bbr.2008.11.039

Uma Devi, P.,, Manocha, A., Khanam, R., and Vohora, D. (2010). Beneficial
interaction between clobenpropit and pyridoxine in prevention of electroshock-
induced seizures in mice: lack of histaminergic mechanisms. Hum. Exp. Toxicol.
30, 84-88. doi: 10.1177/0960327110372398

van Staveren, D. R., and Metzler-Nolte, N. (2004). Bioorganometallic chemistry of
ferrocene. Chem. Rev. 104, 5931-5985. doi: 10.1021/cr0101510

von Coburg, Y., Kottke, T., Weizel, L., Ligneau, X., and Stark, H. (2009).
Potential utility of histamine H3 receptor antagonist pharmacophore in
antipsychotics. Bioorg. Med. Chem. Lett. 19, 538-542. doi: 10.1016/j.bmcl.2008.
09.012

Vorobjev, V. S., Sharonova, I. N.,, Walsh, I. B., and Haas, H. L. (1993).
Histamine potentiates N-methyl-D-aspartate responses in acutely isolated
hippocampal neurons. Neuron 11, 837-844. doi: 10.1016/0896-6273(93)
90113-6

Frontiers in Pharmacology | www.frontiersin.org

October 2017 | Volume 8 | Article 709


https://doi.org/10.1016/j.bbr.2015.10.022
https://doi.org/10.1016/j.bbr.2015.10.022
https://doi.org/10.1001/archpsyc.1994.03950030035004
https://doi.org/10.1001/archpsyc.1994.03950030035004
https://doi.org/10.1177/0269881107077712
https://doi.org/10.1016/j.bmc.2006.01.013
https://doi.org/10.1016/S0014-2999(00)00429-5
https://doi.org/10.1038/sj.bjp.0703712
https://doi.org/10.1124/jpet.106.111039
https://doi.org/10.1124/jpet.106.111039
https://doi.org/10.1001/archneurpsyc.1959.02340150095011
https://doi.org/10.1001/archneurpsyc.1959.02340150095011
https://doi.org/10.1016/S0893-133X(97)00036-5
https://doi.org/10.1007/s00213-008-1285-6
https://doi.org/10.1124/jpet.107.120311
https://doi.org/10.1111/j.1476-5381.2008.00075.x
https://doi.org/10.1016/S0928-0987(01)00106-3
https://doi.org/10.1016/S0928-0987(01)00106-3
https://doi.org/10.1007/s002130100892
https://doi.org/10.1016/S0166-4328(01)00216-9
https://doi.org/10.1007/s00213-008-1171-2
https://doi.org/10.1007/s00213-008-1171-2
https://doi.org/10.1016/j.tips.2011.01.003
https://doi.org/10.1016/j.tips.2011.01.003
https://doi.org/10.1016/j.neuropharm.2016.06.010
https://doi.org/10.1016/j.physbeh.2016.08.022
https://doi.org/10.2147/DDDT.S116192
https://doi.org/10.1016/j.bbr.2016.06.051
https://doi.org/10.2147/DDDT.S114147
https://doi.org/10.1016/j.neuropharm.2015.10.023
https://doi.org/10.1016/j.neuropharm.2015.10.023
https://doi.org/10.1016/j.neuropharm.2015.11.005
https://doi.org/10.1016/j.neuropharm.2015.11.005
https://doi.org/10.1007/s00259-002-0900-8
https://doi.org/10.1021/jm050170s
https://doi.org/10.1016/j.jphs.2015.03.004
https://doi.org/10.1016/j.arr.2014.03.008
https://doi.org/10.1016/j.tox.2017.04.005
https://doi.org/10.1021/ml300383n
https://doi.org/10.1016/j.bbr.2008.11.039
https://doi.org/10.1177/0960327110372398
https://doi.org/10.1021/cr0101510
https://doi.org/10.1016/j.bmcl.2008.09.012
https://doi.org/10.1016/j.bmcl.2008.09.012
https://doi.org/10.1016/0896-6273(93)90113-6
https://doi.org/10.1016/0896-6273(93)90113-6
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Alachkar et al

E159 Ameliorates Memory Deficits

Witkin, J. M., and Nelson, D. L. (2004). Selective histamine H3 receptor antagonists
for treatment of cognitive deficiencies and other disorders of the central
nervous system. Pharmacol. Ther. 103, 1-20. doi: 10.1016/j.pharmthera.2004.
05.001

Xu, L. S, Yang, L. X, Hu, W. W, Yu, X, Ma, L, Liu, L. Y, et al
(2005). Histamine ameliorates spatial memory deficits induced by MK-
801 infusion into ventral hippocampus as evaluated by radial maze task
in rats. Acta Pharmacol. Sin. 26, 1448-1453. doi: 10.1111/j.1745-7254.2005.
00229.x

Yokoyama, H. (2001). The role of central histaminergic neuron system as
an anticonvulsive mechanism in developing brain. Brain Dev. 23, 542-547.
doi: 10.1016/S0387-7604(01)00261-3

Yokoyama, H., Onodera, K., linuma, K., and Watanabe, T. (1993). Effect of
thioperamide, a histamine H3 receptor antagonist, on electrically induced
convulsions in mice. Eur. . Pharmacol. 234, 129-133. doi: 10.1016/0014-
2999(93)90717-V

Zhou, X,, Li, Y., Shi, X., and Ma, C. (2016). An overview on therapeutics attenuating
amyloid beta level in Alzheimer’s disease: targeting neurotransmission,
inflammation, oxidative stress and enhanced cholesterol levels. Am. J. Transl.
Res. 8,246-269.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Alachkar, Lazewska, Kie¢-Kononowicz and Sadek. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org

October 2017 | Volume 8 | Article 709


https://doi.org/10.1016/j.pharmthera.2004.05.001
https://doi.org/10.1016/j.pharmthera.2004.05.001
https://doi.org/10.1111/j.1745-7254.2005.00229.x
https://doi.org/10.1111/j.1745-7254.2005.00229.x
https://doi.org/10.1016/S0387-7604(01)00261-3
https://doi.org/10.1016/0014-2999(93)90717-V
https://doi.org/10.1016/0014-2999(93)90717-V
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

',\' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 28 June 2017
doi: 10.3389/fphar.2017.00415

OPEN ACCESS

Edited by:
Antonella Gasbarri,
University of L’Aquila, Italy

Reviewed by:

Patrizia Campolongo,

Sapienza Universita di Roma, Italy
Christa Mcintyre,

University of Texas at Dallas,
United States

*Correspondence:
Rafael Roesler
rafaelroesler@hcpa.edu.br

Specialty section:

This article was submitted to
Neuropharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 05 May 2017
Accepted: 13 June 2017
Published: 28 June 2017

Citation:

Valiati FE, Vasconcelos M,
Lichtenfels M, Petry FS,

de Almeida RMM, Schwartsmann G,
Schréder N, de Farias CB and
Roesler R (2017) Administration of a
Histone Deacetylase Inhibitor into
the Basolateral Amygdala Enhances
Memory Consolidation, Delays
Extinction, and Increases
Hippocampal BDNF Levels.

Front. Pharmacol. 8:415.

doi: 10.3389/fohar.2017.00415

®

Check for
updates

Administration of a Histone
Deacetylase Inhibitor into the
Basolateral Amygdala Enhances
Memory Consolidation, Delays
Extinction, and Increases
Hippocampal BDNF Levels

Fernanda E. Valiati'2, Mailton Vasconcelos?, Martina Lichtenfels2, Fernanda S. Petry?2,
Rosa M. M. de Almeida?, Gilberto Schwartsmann?+, Nadja Schréder?,
Caroline B. de Farias?¢ and Rafael Roesler’2*

" Department of Pharmacology, Institute for Basic Health Sciences, Federal University of Rio Grande do Sul, Porto Alegre,
Brazil, ? Cancer and Neurobiology Laboratory, Experimental Research Center, Clinical Hospital, Federal University of Rio
Grande do Sul, Porto Alegre, Brazil, ° Institute of Psychology, Federal University of Rio Grande do Sul, Porto Alegre, Brazil,
* Department of Internal Medicine, Faculty of Medicine, Federal University of Rio Grande do Sul, Porto Alegre, Brazil,

° Neurobiology and Developmental Biology Laboratory, Faculty of Biosciences, Pontifical Catholic University of Rio Grande
do Sul, Porto Alegre, Brazil, ° Children’s Cancer Institute, Porto Alegre, Brazil

Gene expression related to the formation and modification of memories is regulated
epigenetically by chromatin remodeling through histone acetylation. Memory formation
and extinction can be enhanced by treatment with inhibitors of histone deacetylases
(HDACs). The basolateral amygdala (BLA) is a brain area critically involved in regulating
memory for inhibitory avoidance (IA). However, previous studies have not examined the
effects of HDAC inhibition in the amygdala on memory for IA. Here we show that infusion
of an HDAC inhibitor (HDACI), trichostatin A (TSA), into the BLA, enhanced consolidation
of IA memory in rats when given at 1.5, 3, or 6 h posttraining, but not when the
drug was infused immediately after training. In addition, intra-BLA administration of TSA
immediately after retrieval delayed extinction learning. Moreover, we show that intra-BLA
TSA in rats given IA training increased the levels of brain-derived neurotrophic factor in
the dorsal hippocampus, but not in the BLA itself. These findings reveal novel aspects
of the regulation of fear memory by epigenetic mechanisms in the amygdala.

Keywords: histone deacetylase, brain-derived neurotrophic factor, amygdala, hippocampus, memory extinction,
memory consolidation

INTRODUCTION

In inhibitory avoidance (IA), a type of fear-motivated conditioning, a new memory is formed after
a single training trial, and the behavioral outcome of previously formed memories can be modified
upon recall through extinction or reconsolidation. These processes are mediated and regulated
by a range of neurotransmitter and neuropeptide receptors, intracellular protein kinase signaling
pathways, and transcription factors, resulting in changes in gene transcription. Brain areas critically
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involved in mediating or regulating the formation and extinction
of TA memory include the dorsal hippocampus and the
basolateral amygdala (BLA; McGaugh, 2000; Roesler and
McGaugh, 2010; Roesler and Schréder, 2011; Roozendaal and
McGaugh, 2011; Alberini and Kandel, 2014; Furini et al., 2014;
Roesler et al., 2014a; Izquierdo et al., 2016). The BLA is proposed
to interact with the hippocampus and related structures to
enhance the consolidation of memory for events that trigger fear
or aversiveness (McGaugh, 2002; McIntyre et al., 2003).

Gene expression related to memory consolidation is regulated
epigenetically by chromatin remodeling, post-translational
DNA modifications, and small RNAs (Levenson and Sweatt,
2005; Barrett and Wood, 2008; Mikaelsson and Miller, 2011;
Graff and Tsai, 2013; Landry et al, 2013). Modifications in
chromatin state influence the access of the transcriptional
machinery to the genome. It is now well established that DNA
methylation and histone acetylation are crucial epigenetic
processes influencing long-term fear memory (Barrett and
Wood, 2008; Mikaelsson and Miller, 2011; Graff and Tsai,
2013). Histone deacetylase (HDAC) proteins deacetylate
N-terminal lysine residues in histones, leading to a more
compact chromatin structure and reduced gene transcription
(Kouzarides, 2007).

HDAC inhibitors (HDACis) are the most widely investigated
pharmacological agents modulating epigenetic processes.
Administration of HDACis lead to increased acetylation and
enhanced gene expression in neurons, resulting in a facilitation
of synaptic plasticity as well as formation and extinction of
fear conditioning (Levenson et al., 2004; Lattal et al., 2007;
Vecsey et al., 2007; Bredy and Barad, 2008; Stafford et al,
2012). Acute systemic or intrahippocampal administration of
HDACis enhances IA memory consolidation and rescues IA
deficits related to aging or models of memory impairment
(Silva et al., 2012; Blank et al., 2014, 2015, 2016; Sharma et al.,
2015; Petry et al,, 2016). Epigenetic alterations in the lateral
amygdala, including increased histone H3 acetylation, are
involved in the formation and reconsolidation of memory for
auditory fear conditioning in rats. Intraamygdala infusion
of the HDACI trichostatin A (TSA) enhances both the
consolidation and reconsolidation of auditory fear memory
(Maddox and Schafe, 2011; Monsey et al., 2011). Increased
H3 acetylation in the amygdala is also related to accelerated
extinction of auditory fear conditioning in mice after a
systemic injection of an HDACI (Itzhak et al., 2012). However,
previous studies have not examined the effects of HDAC
inhibition in the amygdala on memory for IA. In the present
study, we investigated the effects of TSA infused into the
BLA at several time points after training, or immediately
after retrieval, on the consolidation and extinction of IA
memory in rats. Given the reported interactions between
the BLA and dorsal hippocampus mentioned above, the
enhancing effect of HDAC inhibitors on the expression of
brain-derived neurotrophic factor (BDNF; Wu et al, 2008),
and the role of hippocampal BDNF in promoting memory
for IA (Chen et al.,, 2012), we also verified whether intra-BLA
infusion of TSA resulted in an increase in hippocampal BDNF
levels.

MATERIALS AND METHODS

Animals

Adult male Wistar rats (220-350 g at time of surgery) were
obtained from the institutional breeding facility (CREAL, ICBS,
UFRGS) and maintained at the university hospital animal
research facility (UEA, CPE-HCPA). Animals were housed four
per cage in plastic cages with sawdust bedding and maintained
on a 12 h light/dark cycle at a room temperature of 22 £ 2°C.
The rats were allowed ad libitum access to standardized pellet
food and water. All experiments took place during the light phase,
between 8 AM and 5 PM.

Surgery

Rats were implanted under anesthesia with isoflurane (vaporized
in 100% oxygen, at a dose of 5% for induction and 2% for
maintenance, in a fraction of 0.5 1/min) with bilateral 14-mm, 23-
gauge guide cannulae aimed 1.0 mm above the BLA, as described
previously (Roesler et al., 2004; Jobim et al., 2012). Coordinates
(anteroposterior, —2.8 mm from bregma; mediolateral, £4.8 mm
from bregma; ventral, —7.5 mm from skull surface) were
obtained from the atlas of Paxinos and Watson (2007). Rats were
allowed to recover at least 5 days after surgery before behavioral
training.

Inhibitory Avoidance

Single-trial step-down IA was used as an established model of
fear-motivated conditioning memory, where the animals learn to
associate a location in the training apparatus (a grid floor) with
an aversive stimulus (footshock). The general procedures for IA
behavioral training and retention tests were described in previous
reports (Jobim et al., 2012; Blank et al., 2014). The IA training
apparatus was a 50 cm x 25 cm X 25 cm acrylic box (Albarsch,
Porto Alegre, Brazil) with a floor composed of parallel caliber
stainless steel bars (1 mm diameter) spaced 1 cm apart. A 7-cm
wide, 2.5-cm high platform was placed on the floor of the box
against one wall.

On training trials, rats were placed on the platform and their
latency to step down on the grid with all four paws was measured
with a digital chronometer. Immediately after stepping down
on the grid, rats received a 0.4-mA, 3.0-s footshock and then
removed from the apparatus immediately afterward. The first
retention test trial was given 24 h after training by placing the rats
on the platform and recording their latencies to step down. No
footshock was presented during retention test trials. Step-down
latencies on the retention test trial (maximum 300 s) were used as
a measure of JA memory retention.

For TA extinction, rats were returned daily to the IA
training context without footshock for 6 days as described
previously (Roesler et al., 2014b; Petry et al., 2016). Rats that
did not step down to the grid floor within 300 s during the
first 24 h retention/extinction test trial were gently led by
experimenter to the grid floor. Rats were given a 0.3 mA
reminder footshock at the end of the fifth test, followed by an
additional retention test 24 h later (Tronel and Alberini, 2007;
Roesler et al., 2014b).

Frontiers in Pharmacology | www.frontiersin.org

June 2017 | Volume 8 | Article 415


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Valiati et al.

Amygdalar HDAC Inhibition and Memory

Drug Infusions

The general procedures for BLA infusions were described in
previous reports (Jobim et al., 2012; Pedroso et al., 2013). At the
time of infusion, a 27-gauge infusion needle was fitted into the
guide cannula. The tip of the infusion needle protruded 1.0 mm
beyond the guide cannula and was aimed at the BLA. Drug or
vehicle was infused during a 30-s period. The infusion needle was
left in place for an additional minute to allow diffusion of the drug
away from the needle tip.

In the experiment to examine the memory consolidation,
rats received a bilateral 0.5-pl infusion of TSA (Sigma-
Aldrich, St. Louis, United States; 22 mM) dissolved in 50%
ethanol in saline (vehicle, VEH; Vecsey et al, 2007) into
the BLA at different times after IA training. Different groups
of rats were used for each infusion time point. Control
animals received VEH in the same condition. In the memory
extinction experiment, rats received a bilateral 0.5-ju1 infusion
of TSA (22 mM) or VEH immediately after the first test
trial. The TSA dose was chosen on the basis of previous
findings from our group showing that it enhanced IA memory
consolidation when given into the dorsal hippocampus (Blank
et al., 2014). Drug solutions were prepared freshly before each
experiment.

Measurement of BDNF Levels

A separate group of rats was given one IA training trial as
described above, followed immediately by an intra-BLA infusion
of TSA (22 mM) or VEH. Four hours later, the rats were
sacrificed by decapitation, their brains were removed and the
BLA and hippocampus were quickly dissected out, immediately
snap-frozen in liquid nitrogen and stored at —80°C until BDNF
measurement. The posttraining time for BDNF measurement was
chosen on the basis of a previous study showing that hippocampal
BDNF levels increased 4 h after learning (Goulart et al,
2010). BLA and hippocampal BDNF was measured as described
previously (Kauer-Sant’Anna et al., 2007; Goulart et al., 2010),
using sandwich enzyme-linked immunosorbent assay (ELISA)
commercial kits according to the manufacturer’s instructions
(ChemiKine™, CYT306, Merck Millipore, Temecula, United
States). Briefly, samples were homogenized in phosphate-
buffered solution with 1 mM phenylmethylsulfonyl fluoride and
1 mM ethyleneglycoltetraacetic acid. Microtiter plates (96-well
flat-bottom) were coated for 24 h with the samples diluted
1:2 in sample diluents and the standard curve ranged from
7.8 to 500 pg/ml of BDNF. The plates were then washed
four times with wash buffer and a monoclonal anti-BDNF
rabbit antibody (1:1000) was added to each well and incubated
for 3 h at room temperature. After washing, a peroxidase-
conjugated anti-rabbit antibody (horseradish peroxidase enzyme;
1:1000) was added to each well and incubated for 1 h at
room temperature. After addition of streptavidin enzyme,
substrate (3,3/,5,5 -tetramethylbenzidine) and stop solution, the
amount of BDNF was determined by absorbance at 450 nm
in a spectrophotometer. Total protein was measured using
the Bradfords method with bovine serum albumin as the
standard.

Histology

A 0.5-pl infusion of a 4% methylene blue solution was infused
into the cannulae 24-48 h after the end of behavioral testing.
Rats were killed by decapitation 15 min later, and their brains
were removed and stored in 10% formalin for at least 72 h.
At least 24 h before sectioning, brains were placed in a 20%
sucrose solution in water for cryoprotection. Coronal sections
of 50 wm were cut on a cryostat, mounted on gelatin-coated
slides, stained with hematoxylin and eosin and examined under
light microscopy. The extension of the methylene blue dye was
taken as indicative of diffusion of the drugs previously given
each rat (Roesler et al., 2004; Jobim et al., 2012). Rats with
incorrect cannula placements were excluded from the statistical
analyses.

Statistics

Non-parametric tests were used to analyze retention test latencies
because of the 300-s cut-off imposed on retention test trials.
Training and retention test step-down latencies were analyzed
using a Kruskal-Wallis test followed by two-tailed Mann-
Whitney U-tests. Student’s ¢-tests for independent samples were
used for comparisons of BDNF levels between controls and TSA-
treated groups within each brain area (BLA or hippocampus). In
all comparisons, p < 0.05 was considered to indicate statistical
significance. All data are shown as mean + standard error of
mean (SEM).

RESULTS

Time Course of Consolidation
Enhancement by Intra-BLA
Administration of TSA

The first set of experiments examined the effects of intra-BLA
administration of TSA at different posttraining intervals on IA
memory consolidation. Rats were given IA training followed
by a bilateral infusion of VEH or TSA (22 mM) into the BLA
immediately (VEH, N = 10; TSA, N = 9), 1.5 h (VEH, N = 13;
TSA, N =13),3h (VEH, N = 14; TSA, N = 14), or 6 h (VEH,
N = 13; TSA, N = 13) after training. All rats were tested for
retention 24 h later after training.

Results are shown in Figure 1. Infusions given immediately
after training had no effect (p = 0.43, Figure 1A). However,
retention test latencies were significantly higher compared
to VEH-treated controls in rats infused with TSA at 1.5
(p < 0.01, Figure 1B), 3 (p < 0.05, Figure 1C), and 6
(p < 0.01, Figure 1D) h posttraining. There were no significant
differences between groups in training trial latencies (immediate
posttraining infusions, p = 0.10; 1.5 h posttraining infusions,
p = 0.25; 3 h posttraining infusions, p = 0.96; 6 h posttraining
infusions, p = 0.09).

Intra-BLA Administration of TSA Delays

IA Memory Extinction
We then went on to verify whether TSA into the amygdala would
affect IA extinction. Rats were given bilateral intra-BLA infusions
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FIGURE 1 | Enhancement of later phases of IA memory consolidation by HDAC inhibition in the amygdala shortly after learning. Rats were given a single IA training
trial followed by an infusion of VEH or TSA (22 mM) into the BLA (A) immediately, (B) 1.5 h, (C) 3 h, or (D) 6 h after training. Retention was tested 1 day after training
in all groups. Data are mean + SEM latencies to step down; N = 9-14 rats per group; *p < 0.05, **p < 0.01 compared to respective controls.
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FIGURE 2 | Amygdalar HDAC inhibition delays IA memory extinction. Rats
were given a single |A training trial and tested for retention 24 h later (Test 1).
This first test trial also served as extinction training. An infusion of VEH or TSA
(22 mM) was given into the BLA immediately after Test 1. Retention was
tested once daily from days 1 to 5 after Test 1 (Tests 2-5). A mild reminder
footshock was given after Test 5 and rats were tested again 1 day later
(Reminder). Data are mean + SEM latencies to step down; VEH, N = 11,
TSA, N =12; *p < 0.05; **p < 0.01 compared to controls.

of VEH (N = 11) or TSA (N = 12) immediately after the first test
trial (Test 1), which served as an extinction training trial. All rats
were tested for extinction 1 (Test 2), 2 (Test 3), 3 (Test 4), and
4 (Test 5) days after Test 1. Immediately after Test 5, rats were
given a reminder footshock and retention was tested again 1 day
later in the absence of footshock.

Results are shown in Figure 2. Latencies were significantly
higher in TSA-treated rats compared to controls in Test 2
(p <0.01) and Test 4 (p < 0.01). The difference in Test 3 latencies
did not reach significance (p = 0.10), in spite of the apparently
higher latency in TSA-treated rats. Both groups reached similar
levels of extinction by Test 5 (p = 0.68). Overall, the results
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FIGURE 3 | HDAC inhibition in the BLA results in increased BDNF levels in the
dorsal hippocampus in rats given IA training. Rats were given a bilateral
intra-BLA infusion of VEH or TSA (22 mM) immediately after IA training. Four
hours later, they were sacrificed and the BLA and dorsal hippocampus levels
were removed for BDNF measured with an ELISA. Data are mean + SEM pg
of BDNF/ml of protein; VEH, N = 12, TSA, N = 10; **p < 0.01 compared to
respective controls.

indicate that TSA delayed extinction. Rats treated with TSA also
showed significantly higher latencies than VEH controls after
being presented with a reminder footshock (p < 0.05), supporting
the possibility that the fear response in TSA-treated rats was
more resistant to extinction. There were no significant differences
between groups in latencies during training (p = 0.68).

TSA Infusion into the BLA Increases
BDNF Levels in the Hippocampus But
Not Amygdala in |A-Trained Rats

In a separate group of rats given IA training followed by
an intra-BLA infusion of VEH (N = 12) or TSA (N = 10)
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-2.3 mm

FIGURE 4 | Infusion placements into the BLA. Representative
photomicrograph illustrating placement of a cannula and needle tip, and
schematic diagram of a coronal section of the rat brain (anteroposterior,

—2.8 mm from bregma), adapted from the atlas of Paxinos and Watson (2007),
depicting the diffusion of methylene blue in the BLA for rats included in the
statistical analysis.

immediately afterward, and sacrificed for BDNF measurements
4 h later, intra-BLA TSA induced a significant increase in BDNF
levels in the hippocampus (p < 0.01), but not in the BLA
(p = 0.85; Figure 3).

Histology

All animals (144 rats) included in the final analysis of IA
had cannula bilaterally placed in the BLA. Figure 4 shows
a representative photomicrograph illustrating placement of a
cannula and needle tip, as well as a schematic drawing of the
diffusion of methylene blue, which indicates infusion placements
and spread of drug infusions within the BLA.

DISCUSSION

Previous studies have shown that administration of HDACis into
the amygdala around the time of training or retrieval resulted
in enhanced consolidation and reconsolidation of memory for
fear conditioning (Maddox and Schafe, 2011; Monsey et al.,
2011), and systemic injections of HDACi could also accelerate
fear extinction (Lattal et al., 2007; Bredy and Barad, 2008; Itzhak
etal., 2012; Stafford et al., 2012). The present study reveals several
novel aspects related to the amygdalar HDAC involvement in
fear memory. First, we provide the first report of the effects of
HDAC inhibition in the amygdala on memory of IA. Second, we
show that HDACis can be more effective in enhancing memory
when given at later time points during consolidation (up to at
least 6 h after training) than when administered before or shortly
after learning. Third, we show that HDAC inhibition can impair
rather than facilitate fear extinction. Finally, we provide the first
evidence that inhibiting HDAC within the amygdala can result in
an increase in BDNF levels in the dorsal hippocampus.

In contrast to previous reports (Lattal et al., 2007; Bredy and
Barad, 2008; Itzhak et al., 2012; Stafford et al., 2012), we found
that treatment with an HDACi delayed rather than facilitated fear
extinction. In IA, memory reactivation at the time of testing can
initiate either one of two competing processes: further memory
strengthening, likely mediated by reconsolidation; or memory
extinction (Vianna et al., 2001; Jobim et al., 2012; Pedroso et al.,
2013; Furini et al., 2014; Roesler et al, 2014b). It is possible
that intra-BLA TSA given after retrieval acts by enhancing
reconsolidation to make the original memory more resistant to

extinction. The possibility that the original memory for training
was stronger in TSA-treated rats is supported by the finding
that, compared to controls, they showed an increased avoidance
response after exposure to a reminder shock.

Perhaps the most intriguing finding of the present report
was that intra-BLA TSA administration led to an increase
in BDNF protein content in the dorsal hippocampus, but
not in the amygdala. It is well established that BDNE
which acts by activating its receptor, TrkB, resulting in the
stimulation of a range of intracellular kinase signaling pathways
including phospholipase C/protein kinase C, extracellular
signal-regulated protein kinase (ERK)/mitogen-activated protein
kinase (MAPK), and phosphatidylinositol 3-kinase, plays a
major role in synaptic plasticity and memory formation
(Huang and Reichardt, 2003; Minichiello, 2009; Yoshii and
Constantine-Paton, 2010). Consolidation of IA memory requires
BDNF/TrkB signaling that accompanies protein synthesis in
the dorsal hippocampus (Bambah-Mukku et al., 2014), and
intrahippocampal administration of an anti-BDNF antibody
before training impairs IA retention (Chen et al., 2012). Gene
transcription for BDNF is stimulated by HDACis (Wu et al,,
2008; Koppel and Timmusk, 2013), and systemic HDACi
treatment increases protein levels of BDNF in the rat brain
(Kim et al., 2009). In addition, administration of an HDACi
into the hippocampus rescues the impairment of IA memory
consolidation produced by TrkB inhibition (Blank et al., 2016).

Thus, promoting BDNF expression in the hippocampus could
be a crucial mechanism enabling amygdalar HDAC inhibition to
enhance different phases of IA memory consolidation. However,
TSA infused into the BLA immediately after training, which
resulted in an increase in hippocampal BDNE did not affect
retention. It is possible that the increase in BDNF caused by
posttraining TSA was related to resistance to extinction, although
that BDNF has been shown to induce fear extinction under
some circumstances (Peters et al., 2010). Also, what could be
the mechanism mediating the increase in hippocampal BDNF
after inhibition of amygdalar HDAC? Previous studies have
indicated that BLA activity influences gene expression related
to IA memory formation in the hippocampus and related brain
areas. For instance, BLA activity is required to enable the
effects of memory-enhancing agents, including HDACis, given
into the hippocampus or entorhinal cortex (Roozendaal and
McGaugh, 1997; Roozendaal et al., 1999; Roesler et al., 2002;
Blank et al., 2014). Importantly, intra-BLA infusion of a memory-
enhancing drug, the beta-adrenoreceptor agonist clenbuterol,
resulted in an increase in dorsal hippocampal levels of activity-
regulated cytoskeletal protein (Arc, also called Arg 3.1), an
immediate-early gene involved in synaptic plasticity and memory
consolidation, whereas BLA inactivation by a lidocaine infusion
decreased Arc content in the hippocampus (McIntyre et al,
2005; McReynolds et al, 2014). Noradrenaline can enhance
histone acetylation (Maity et al., 2016), and possible mechanisms
mediating BDNF influences on synaptic plasticity include an
upregulation of Arc levels (Yin et al., 2002; Ying et al., 2002).
Therefore, the possibility that increased histone acetylation in the
BLA can enhance hippocampal BDNF expression is consistent
with previously described neurotransmitter and gene expression
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pathways involved in BLA-hippocampal interactions during
memory formation.

Formation of IA memory has been previously shown to
involve ERK/MAPK signaling in the hippocampus and BLA 3 h
posttraining, but not shortly after training (Walz et al., 2000).
Increases in histone H3 acetylation in the amygdala induced
by fear conditioning are downstream of ERK/MAPK signaling
(Monsey et al,, 2011), and BDNF mediates enhancing effects
on memory through MAPK activation (Revest et al, 2014).
Therefore, stimulation of hippocampal MAPK activity through
up-regulation of BDNF induced by intra-BLA TSA arises as
another candidate mechanism for the effects observed in our
study. It is likely that the enhancing effect of intra-BLA TSA
also involves the combined action of several other mechanisms.
TSA is a hydroxamic acid containing a functional group that
interacts with the critical zinc atom at the base of the catalytic
pocket of HDACs, thus inhibiting their activity. In addition to
inhibiting class I HDACs, which are localized predominantly to
the cell nucleus, TSA also inhibits HDAC6, the main cellular
cytoplasmic deacetylase (Bhalla, 2005; Bolden et al, 2006).
Moreover, HDACis might display extra-epigenetic effects, such
as direct interactions with cytoplasmic cell signaling pathways
and acetylation of non-histone proteins (Chen et al, 2005;
Glozak et al., 2005).

In summary, the present findings reveal novel aspects
of the involvement of amygdalar epigenetic mechanisms in
fear memory, by showing that HDAC inhibition in the
amygdala can enhance a later phase of consolidation, delay
extinction, and possibly act by increasing BDNF levels in the
dorsal hippocampus. Our findings raise the exciting possibility
that epigenetic manipulations within the BLA affect memory
processes by influencing the expression of molecules mediating
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Calcium-calmodulin/dependent protein kinase Il (CaMKIl) plays an essential role in LTP
induction, but since it has the capacity to remain persistently activated even after
the decay of external stimuli it has been proposed that it can also be necessary
for LTP maintenance and therefore for memory persistence. It has been shown that
basolateral amygdaloid nucleus (Bla) stimulation induces long-term potentiation (LTP) in
the insular cortex (IC), a neocortical region implicated in the acquisition and retention of
conditioned taste aversion (CTA). Our previous studies have demonstrated that induction
of LTP in the Bla-IC pathway before CTA training increased the retention of this task.
Although it is known that IC-LTP induction and CTA consolidation share similar molecular
mechanisms, little is known about the molecular actors that underlie their maintenance.
The purpose of the present study was to evaluate the role of CaMKIl in the maintenance
of in vivo Bla-IC LTP as well as in the persistence of CTA long-term memory (LTM).
Our results show that acute microinfusion of myr-CaMKIINtide, a selective inhibitor of
CaMKIl, in the IC of adult rats during the late-phase of in vivo Bla-IC LTP blocked its
maintenance. Moreover, the intracortical inhibition of CaMKIl 24 h after CTA acquisition
impairs CTA-LTM persistence. Together these results indicate that CaMKIl is a central
key component for the maintenance of neocortical synaptic plasticity as well as for
persistence of CTA-LTM.

Keywords: CaMKIl, CTA, neocortical-LTP, memory persistence, insular cortex

INTRODUCTION

Learning and memory rely on long-lasting changes in synaptic efficiency within neural networks.
Long-term potentiation (LTP) is a long-lasting and activity-dependent enhancement of synaptic
strength that is widely expressed across the brain (Malenka and Bear, 2004; Rodriguez-Durdn
etal., 2011). Studies in the neocortex and hippocampus have demonstrated that training in several
learning tasks drive modifications of synaptic strength (Rioult-Pedotti et al., 2000; Whitlock et al.,
2006; Cooke and Bear, 2010; Liu et al., 2017; Rodriguez-Duran et al., 2017). The insular cortex
(IC) is a region of the temporal neocortex implicated in the acquisition and storage of conditioned
taste aversion (CTA). CTA is a well-established learning and memory paradigm in which an animal
acquires aversion to a novel taste when it is associated with nausea (Bernstein and Koh, 2007;
Bermudez-Rattoni, 2014; Rivera-Olvera et al., 2016). Previous studies demonstrated that high
frequency stimulation of the basolateral amygdaloid nucleus (Bla) elicits LTP in the IC (Escobar

Requirement for in Vivo Insular Cortex
LTP Maintenance and CTA Memory
Persistence. Front. Pharmacol. 8:822.
doi: 10.3389/fphar.2017.00822

et al., 1998a,b; Jones et al., 1999). Moreover, we have shown that induction of LTP in the Bla-IC
pathway before CTA training enhances the retention of this task (Escobar and Bermudez-Rattoni,
2000; Castillo et al., 2006).
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Research on the cellular basis of learning and memory has
identified some key molecules involved in the processes of
acquisition and consolidation of information (Lamprecht and
LeDoux, 2004). However, little is known about the processes
involved in the permanence of long-term memory (LTM).
Recently, the search of molecular mechanisms involved in
LTM storage has highlighted a significant participation of
calcium/calmodulin dependent protein kinase IT (CaMKII). The
increase in calcium concentration after LTP induction leads
to CaMKII autophosphorylation, an event that makes CaMKII
activity persist even after the decay of calcium concentration
(Lisman et al., 2002, 2012; Colbran and Brown, 2004). However,
it has been demonstrated that this autonomous activity is
only transient (Lengyel et al, 2004; Otmakhov et al., 2015;
Murakoshi et al., 2017), while Thr286 phosphorylation has
been proved as a persistent event, that has been observed
up to 8h after stimulation (Ahmed and Frey, 2005). In this
regard, it has been observed that synaptic potentiation in
hippocampal CA1 region is reverted when ant-CaMKIINtide,
a noncompetitive inhibitor of CaMKII, is applied during the
maintenance phase of CAI-LTP in vitro (Sanhueza et al,
2007). Similar results have been observed by our research
group when CaMKIINtide is infused in CA3 region during the
maintenance phase of in vivo mossy fiber (MF)-LTP (Judrez-
Muiioz et al., 2017). In a recent study it has been proved that
expression of a transient dominant-negative form of CaMKII
erases a previously stablished hippocampal-dependent memory,
pointing to a role of this molecule for stable memory storage
(Rossetti et al., 2017). It has also been shown that training
in a spatial task elicits increments in hippocampal CaMKII
autophosphorylation (Tan and Liang, 1996). Furthermore,
intrahipocampal pharmacogenetic inhibition of CaMKII activity
impairs retention of spatial memory (Babcock et al, 2005).
Importantly, it has been shown that although mice heterozygous
for a CaMKII null mutation have normal memory retention for
contextual fear and water maze tasks 1-3 days after training, these
animals exhibit amnesia when tested 10-50 days post-training
(Frankland et al, 2001), revealing a role for CaMKII in the
persistence of memory.

Since little is known about the molecular actors implicated in
the maintenance of synaptic plasticity and LTM, in the present
work we evaluated the role of CaMKII in the maintenance
of in vivo Bla-IC LTP as well as in the persistence of
CTA-LTM.

MATERIALS AND METHODS

Animals

Seventy-three male Wistar rats, weighing 360-390g were
prepared for the present study. Rats were individually caged
and maintained on a 12:12 light-dark cycle at 22° C with
water and food available ad libitum except where indicated
(Martinez-Moreno et al., 2016). Experiments were performed
in accordance with the Norma Oficial Mexicana and with
the approval of the Animal care committee of the Faculty
of Psychology of the National Autonomous University of
Mexico.

Electrophysiology Procedure

Electrophysiological recordings were performed in anesthetized
rats as previously described (Escobar et al., 1998a; Rodriguez-
Durén et al., 2011; Rivera-Olvera et al., 2016). Briefly, rats were
anesthetized with pentobarbital (50 mg/kg i.p.). Responses were
recorded by using a monopolar microinfusion electrode placed
in the IC. Constant current stimulation (50-70 LA monophasic
pulses, 0.25 ms duration) was applied to the Bla unilaterally using
a stainless steel bipolar electrode. The microinfusion electrodes
were coupled to 10 il Hamilton syringes (Reno, NV, USA) driven
by a microinfusion pump (Cole Parmer Co., Vernon Hills, IL,
USA). Evoked responses from IC were measured by recording
the EPSP slope. During the 30 min baseline period responses were
evoked at 0.05 Hz. LTP was induced by delivering 10 trains of 100
Hz/1s with an intertrain interval of 20 s. Animals with unclear
electrode placement were discarded.

Western Blot

Rats were decapitated and the ipsilateral recorded IC area
was microdissected. The tissues were subsequently sonicated
into a lysis buffer (50mM Tris-HCl pH 6.8, 20mM NaCl,
2mM EDTA, 10% glycerol, 10% triton) supplemented with
10 mM protease inhibitors (Mini Complete, Roche, Manheim,
Germany); as well as with phosphatase inhibitors (50 mM NaF,
4mM Na3VO4, 10 mM NaPPi). Following sonication, samples
were centrifuged at 14,000 rpm for 20min at 4°C and the
supernatant was obtained. Protein concentration was measured
using Bradford assay, with bovine serum albumin as standard.
An equivalent amount of protein for each sample was resolved
in 12% SDS-acrylamide gels; blotted electrophoretically and
blocked 90 min in TBST buffer (Tris buffered saline containing
0.01%, Tween-20, pH 7.4) containing 5% non-fat milk (Castillo
and Escobar, 2011). Membranes were incubated overnight at
4°C with anti-phospho CaMKII T286/287 antibody (1:1,000,
#06-881, Millipore, Darmstadt, Germany) for the detection of
phosphorylated form of CaMKII and with anti-CaMKII antibody
(1:500, #5306, Santa Cruz, CA, USA) for CaMKII total. The
phosphorylated isoforms were normalized to the total isoform as
a ratio, which was presented as a percentage value in histograms.
We performed densitometry using the software off-line Image]J
(NIH, USA).

Cannulae Implantation

Using a previously described procedure, animals were bilaterally
implanted in the IC with stainless steel guide cannulae
(Moguel-Gonzalez et al., 2008; Rodriguez-Serrano et al., 2014).
Microinjectors were attached by polyethylene tubing to a 10-pl
Hamilton syringe driven by a microinfusion pump (Cole Parmer
Co., Vernon Hills, IL, USA). Animals were allowed to recover for
1 week after surgery. Histological analysis was performed on all
groups to verify the injector tip location.

CTA

As previously described (Rivera-Olvera et al., 2016), 7 days after
surgery animals were trained to drink water twice a day from
a graduated cylinder, during 10 min trials for 3 days. On the
acquisition session, water was replaced by a saccharin solution
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0.1% (Sigma, St. Louis, MO), and 10 min later, animals were
intraperitoneally injected with LiCl (0.15 M; 7.5 ml/kg). During
the aversion test 0.1% saccharin solution was presented again
after two more days of baseline consumption. The strength
of aversion was measured through the reduction of saccharin
consumption.

Experimental Design

To analyze the effect of CaMKII inhibition on the maintenance
of Bla-IC-LTP, animals were divided into the following treatment
groups: (1) HES group (n = 7), which underwent surgery, had
electrodes implanted and received high frequency stimulation
(HES) capable of inducing LTP; (2) HFS+CaMKIINtide group
(n = 7), which in the same conditions of HFS group received
intracortical microinfusion of myr-CaMKIINtide (5 pwM/pl
ACSF/.02 pl/min; Sanhueza et al., 2007; Judrez-Munoz et al.,
2017) prepared with artificial cerebrospinal fluid (ACSF) as
vehicle 2h after HFS delivery; (3) HFS+ACSF group (n = 7)
which under the same conditions as the HFS4+CaMKIINtide
group, received intracortical microinfusion of ACSF (1 ul); (4)
CaMKIINtide group (n = 7) which had electrodes implanted and
without prior manipulation received intracortical microinfusion
of myr-CaMKIINtide (5 wM/pl ACSF/0.02 pl/min). In order to
analyze the state of phosphorylation of CaMKII in the presence
of myrCaMKIINtide, three additional animals from each of
HFS+ACSF and HFS+CaMKIINtide groups were decapitated
and tissue was obtained 130 min after HFS application (i.e.,
10 min after myr-CaMKIINtide administration) (Figure 1A).

To evaluate the effect of CaMKII inhibition on the
maintenance of CTA-LTM, animals were divided into the
following treatment groups: (1) CTA+STM+CaMKIINtide
group (n 10), which was trained in CTA and was
subjected to a short-term memory aversion test (STM) carried
out 4.5h after the acquisition in order to corroborate the
association of saccharin with gastric malaise. One day after
acquisition rats received bilateral intracortical microinfusion
of myr-CaMKIINtide (5 uM/pl ACSF/0.02 pl/min; Sanhueza
et al., 2007; Judrez-Mufoz et al., 2017) prepared with artificial
cerebrospinal fluid (ACSF). LTM was assessed 48h after
infusion; (2) CTA+STM+ACSF (n = 10), which under the
same conditions of CTA4+STM+CaMKIINtide group received
bilateral intracortical microinfusion of ACSF (1 ul); (3)
CTA+CaMKIINtide (n=10), which was trained in CTA
and received bilateral intracortical microinfusion of myr-
CaMKIINtide in absence of STM aversion test in order to
prevent the inherent interference to retrieval process (Nader and
Einarsson, 2010); (4) pCTA+STM+CaMKIINtide (n = 9), which
was pseudotrained in CTA (during the conditioning session PBS
was delivered instead of LiCl) and received bilateral intracortical
microinfusion of myr-CaMKIINtide (Figure 2A).

RESULTS
Histology

Histological examinations revealed that the stimulating and
recording electrodes were correctly located in the Bla and the
IC, respectively, in all animals included in the present analysis

(Figure 1B). Similarly, injectors were correctly placed in the IC
for all groups (Figure 2B).

Electrophysiology

The IC EPSP consisted of potentials of 0.47 £ 0.004 mV (mean
+ SEM), elicited with 50-70 A current pulses of 0.1-0.25 ms
duration. These responses initiate at 2-3 ms post-stimulation and
presented their peak at 7-9 ms with an average slope of 0.019
+ 0.003 (mean £ SEM), in agreement with previous studies
(Escobar et al., 1998a, 2002; Jones et al., 1999; Rodriguez-Duran
etal., 2011).

CaMKIl Is Necessary for the Maintenance
of in Vivo HFS Induced Potentiation of
Synaptic Transmission at Bla-IC Pathway
of Adult Rats

As previously described, HFS produced an enhancement in
the IC field EPSP slope values, with a duration of at least
3h (HFS group). The application of myr-CaMKIINtide (5
pg/l pl) in the IC (HFS+CaMKIINtide group) blocked the
maintenance phase of synaptic potentiation when the inhibitor
was applied 2 h after HFS (Figure 1C), while infusion of ACSF
(1 w1, HFS+ACSF group) had no effect over the maintenance
phase of LTP. Remarkably, the application of the inhibitor
in the absence of HFS did not have any effect over baseline
transmission (CaMKIINtide group). ANOVA analysis for slope
increases revealed highly significant group differences [F(3, 14
= 71.28; P < 0.001]. Post-hoc analysis with Fisher’s test showed
significant differences between the HFS+CaMKIINtide group
and all the groups that received HFS (P < 0.001). At 1h post-
infusion, the percent changes (SEM) in the EPSP slope for
the HFS, HFS+CaMKIINtide, HFS4+ACSF and CAMKIINtide
groups were 128.96 & 4.58, 94.89 & 7.22,125.76 £ 4.18, and 95.59
=+ 6.37 respectively.

Western blot analysis showed that phosphorylation of the two
main cortical isoforms of CaMKII (a and f) were decreased
by myr-CaMKIINtide administration. As shown in Figure 1D,
the administration of the inhibitor of CaMKII during the
maintenance phase of synaptic potentiation decreased CaMKII
phosphorylation in the IC region of animals from group
HFS+CaMKIINtide, as compared to HFS+ACSF group [Two-
Way ANOVA; F( g = 52.00; p < 0.05]. No changes were
observed in CaMKII total expression.

Camkll Inhibition Impairs the Maintenance
of CTA-LTM

No significant differences were found among groups neither
in the baseline water intake nor during the acquisition session.
Intracortical microinfusion of myr-CaMKIINtide 24h after
CTA acquisition lead to a memory impairment during LTM
aversion test, performed 48 h after the inhibitor microinfusion,
i.e., 72h after the CTA acquisition. Two-way ANOVA revealed
significant group differences [F(3 35y = 22.75, p < 0.001].
Post-hoc analysis with Fisher’s test revealed that groups
CTA+STM+CaMKIINtide and CTA-+CaMKIINtide showed
significant differences compared to CTA+STM+ACSF and
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FIGURE 1 | CaMKIl inhibition reverts IC-LTP. (A) Schematic representation of the experimental procedure. (B) Schematic representation and representative
micrographs of electrode placement showing the stimulated (S) and infused/recorded (I/R) sites in a coronal plane. The representative microphotography of IC shows
the CaMKIINtide diffusion through the combination of the drug with Ponceau red. Bla, basolateral amygdaloid nucleus; IC, insular cortex. Scale bar: 1 mm. (C) Plot of
IC evoked responses from HFS, HFS+CaMKIINtide, HFS+ACSF and CaMKIINtide groups. Note that the inhibition of CaMKII reverts Bla-IC potentiation. The top of
each graph shows representative examples of IC field potentials obtained before (black line), 120 min after HFS (gray line) and 60 min after the infusion (dotted line).
Scale bar: 5ms, 0.5 mV. Bars indicate the infusion period (5 min). Arrows indicate HFS delivery. (D) Representative Western blots and densitometric analysis of
phosphorylated and total CaMKII from HFS+CaMKIINtide and HFS+ACSF groups. Note that infusion of the inhibitor during IC-LTP maintenance phase decreased
phosphorylation of CaMKII. AU, Arbitrary units. *p < 0.01.

pCTA+STM+CaMKIINtide groups (p < 0.001). During
the STM aversion test groups CTA+STM+VEH and
CTA+STM+CaMKIINtide showed a significant reduction
in the consumption of saccharin solution, confirming that the
association with the gastric malaise was well established, as
shown in Figure 2C.

DISCUSSION

Relatively little is known about the LTP maintenance processes
that underlie the persistence of synaptic memory. The results
of the present study demonstrate that CaMKII is necessary
for the maintenance of in vivo HFS induced potentiation of
synaptic transmission at Bla-IC pathway, considered as an

important excitatory circuit implicated in the acquisition and
storage of CTA. The intracortical application of the CaMKII
inhibitor, myr-CaMKIINtide, 2 h after HFS delivery suppressed
the maintenance phase of synaptic potentiation. The suppression
can most likely be attributed to a decrease in the CaMKII
phosphorylation, as confirmed by the immunoblot analysis.
Remarkably, the application of the inhibitor in the absence of
HES did not have any effect over baseline transmission. Previous
studies have revealed an important potential role for CaMKII
in memory maintenance but most have been performed in the
hippocampus. In this regard, Sanhueza and colleagues, have
reported that application of an inhibitor of CaMKII lead to
the decrement of synaptic potentiation during the maintenance
phase of in vitro N-methyl-D-aspartate (NMDA) receptors
dependent LTP in CAl region (Sanhueza et al., 2007, 2011),
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FIGURE 2 | CaMKIl inhibition impairs the maintenance of CTA-LTM. (A) Schematic representation of the experimental procedure. (B) Schematic representation and
representative micrographs showing cannulae placement. IC, insular cortex. Scale bar: 1 mm. (C) Saccharin consumption during acquisition, short-term memory
aversion test (STM) and long-term memory aversion test (LTM) for CTA+STM+ACSF, CTA+STM+CaMKIINtide, CTA+CaMKIINtide and pCTA+STM+CaMKIINtide
groups. Note that local infusion of myr-CaMKIINtide in the IC 24 h after acquisition, either in the presence or absence of STM-test produced a severe deficit during the
LTM aversion test. o < 0.001. Arrow indicates microinfusion.

and recently our research group has observed similar results as a structural scaffold for a series of binding reactions that
in the hippocampal MF pathway in vivo (Juarez-Muifioz et al.,  together contribute to LTP maintenance (Sanhueza and Lisman,
2017). 2013). Moreover, it is known that structural reorganization as a
Regarding the mechanisms, it has been described that  result of activity is required for maintenance of synaptic strength
autophosphorylation of CaMKII generates autonomous (Lamprechtand LeDoux, 2004; Lynch et al., 2007). In this regard,
activity, as well as post-synaptic translocation to interact it has been demonstrated that CaMKII inhibition during the
with target proteins, such as a-amino-3-hydroxy-5-methyl-4-  maintenance phase of MF-LTP prevents the activity-dependent
isoxazolepropionic acid (AMPA) and NMDA receptors (Strack ~ morphological reorganization in this pathway (Juarez-Mufioz
and Colbran, 1998; Baucum et al., 2015). Indeed, the absence et al., 2017). In addition, several studies have demonstrated the
of T286 CaMKII autophosphorylation blocks the hippocampal  interaction of CaMKII with actin polymerization (Fink et al.,
NMDA dependent LTP (Giese et al, 1998; Yamagata et al,  2003; Kim et al., 2015), as well as with enzymes of the Rho/Rac
2009). In addition, it has been well established that autonomous  family controlling spine dynamics, turnover and morphology
CaMKII phosphorylates AMPA receptors, an event that accounts ~ (Murakoshi et al., 2011).
for LTP induction (Derkach et al., 1999; Ghosh et al., 2015). It is well established that the Bla-IC pathway contributes
On the other hand, it has been proposed that the association of ~ to the formation and retention of CTA memory (Escobar
CaMKII with GluN2B subunits of NMDA receptors is a central ~ and Bermudez-Rattoni, 2000; Rodriguez-Duran et al, 2011,
mechanism required for the maintenance phase of LTP in the  2017; Rodriguez-Duran and Escobar, 2014). CTA and IC-LTP
hippocampus (Sanhueza et al., 2011). CaMKII-GluN2B binding  share similar molecular mechanisms, such as NMDA receptor
persists even after LTP stimulus decay and this association  dependence (Escobar et al, 1998a, 2002; Rodriguez-Duran
leaves the kinase in a partially autonomous conformation that ~ and Escobar, 2014), activation of extracellular signal-regulated
mediates its redistribution (Strack et al., 2000; Bayer et al., 2006;  kinase-1/2 (ERK1/2), immediately-early gene expression (Jones
O’Leary et al,, 2011). Accumulation of CaMKII-GIuN2B at the et al, 1999), and protein synthesis dependence (Moguel-
post-synaptic density promotes the capture of multiple proteins ~ Gonzdlez et al., 2008; Rodriguez-Duran et al., 2011). However, the
including actinin, densin, delta-catenin and N-cadherin, acting  identity of the actors involved in CTA-LTM maintenance remains
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largely unknown. Our present findings reveal that CaMKII
is a relevant actor for the maintenance of CTA-LTM, since
intracortical microinfusion of myr-CaMKIINtide 24 h after CTA
acquisition lead to memory impairment during LTM aversion
test, performed 72h after CTA acquisition. Importantly, the
effect of CaMKII inhibition on CTA-LTM was specific to CS-US
association, since the memory deficit was not present when rats
were pseudotrained in CTA.

In this line of ideas, it has been shown that training rats
in the Morris water maze positively correlates with an increase
in hippocampal CaMKII autonomous activity (Tan and Liang,
1996). In addition, learning of a step-down inhibitory avoidance
task increases hippocampal CaMKII activity (Cammarota et al.,
1998). Recently, it has been found that expression of a dominant-
negative form of CaMKII lead to a strong reduction in spatial
memory of mice that persisted even after this form was no
longer expressed (Rossetti et al, 2017). In the case of IC,
it has been shown that exposure to a novel taste lead to
an increase in CaMKII autophosphorylation for up to 3h
after taste consumption. In addition, application of a selective
CaMKII inhibitor in the IC 25 min after saccharine consumption
attenuated CTA memory tested 3 or 5h after the establishment
of the association (Adaikkan and Rosenblum, 2015). On the
other hand, studies involving genetic disruption of CaMKII
activity have shown that homozygous aCaMKII mutant mice
present deficits in spatial learning (Silva et al., 1992), however
they can be overcome with extended training (Elgersma et al.,
2002). This compensation cannot be found in mice with a
threonine-to-alanine point mutation of CaMKII, preventing the
autophosphorylation of the kinase (Giese et al., 1998; Need and
Giese, 2003). Moreover, CaMKII autophosphorylation-deficient
mutant mice exhibit impaired de novo gene transcription
required for contextual fear memory consolidation (von Hertzen
and Giese, 2005). In a pioneer study Frankland and colleagues,
demonstrated that while mice heterozygous for a CaMKII null
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mutation have normal memory retention for contextual fear
and water maze tasks 1-3 days after training, these animals
were amnesic when tested 10-50 days post-training, suggesting
a role for CaMKII not only in consolidation but also in the
maintenance of memory (Frankland et al., 2001). Since the
association between CaMKII and GluN2B has been proposed
as a substrate for memory maintenance, mice with a mutation
that prevents the formation of the CaMKII/GluN2B complex
show memory impairment in the Morris water maze when
tested at 1 or 3 days after the last training session (Halt et al.,
2012).

In summary, our present results show that CaMKII inhibition
in the IC during the late-phase of in vivo LTP of the Bla-IC
projection, described as a necessary pathway for acquisition and
storage of CTA memory, blocks the potentiation maintenance.
In the same manner, inhibition of CaMKII in the IC 24 h after
CTA acquisition impairs the CTA memory persistence. Together
these results indicate that CaMKII is a central key component for
the maintenance of neocortical synaptic plasticity as well as for
persistence of CTA-LTM.
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The purpose of the present study was to examine the effects of the phenylalkylamine
class of the L-type voltage-dependent calcium channel antagonist, verapamil (1.0, 2.5,
5.0, or 10 mg/kg i.p.), administered immediately after the acquisition task, on memory
consolidation of the open field habituation task, in male Wistar rats. On the 48 h retested
trial, all tested parameters (ambulation in the side wall and in the central areas, number
of rearing, time spent grooming and defecation rate) significantly decreased in the
saline treated animals. A significant decrease of rearing was observed in all verapamil
treated groups. On the retention day, the ambulation in the side wall and central areas
significantly decreased in the animals treated with 1 mg/kg and 10 mg/kg of verapamil,
while the time spent grooming and the defecation rate significantly decreased only in
the group treated with 1 mg/kg of verapamil. According to the change ratio scores that
correct the individual behavioral baseline differences during initial and final sessions,
habituation deficit was found in animals treated with verapamil as follows: ambulation
along the side wall area (1, 2.5, and 5 mg/kg), number of rearing (all used dose) and time
spent grooming (2.5, 5, and 10 mg/kg). In conclusion, the present data suggest that the
post-training administration of verapamil, parameter- and dose-dependently, impairs the
habituation to a novel environment.

Keywords: habituation, memory consolidation, open field, verapamil, rat

INTRODUCTION

Three different subfamilies of calcium (Cay) channels have, thus far, been defined and named
Cayl, Cay2, and Cay3 (Ertel et al, 2000; Catterall et al., 2005; Hofmann et al., 2014). The
Cay1 subfamily (Cayl.l-Cayl.4) includes channels which mediate L-type Ca?T currents, whereas
the Cay2 subfamily (Ca,2.1-Ca,2.3) comprises channels which originate P/Q-, N-, and R-type
Ca?*currents, respectively. Lastly, the Ca,3 subfamily (Cav3.1-Cav3.3) includes channels which
mediate T-type Ca?™ currents (Ertel et al., 2000; Catterall et al., 2005; Hofmann et al., 2014).
Molecular genetics approaches clearly suggest essential implication of the Cay1.3 but not
the Cay1.2 subunit of the L-type voltage-gated calcium channels (LVGCCs), in the process
of memory consolidation of contextual fear conditioning in mice (McKinney and Murphy,
2006; McKinney et al., 2008). However, the effects of several classes of LVGCC antagonists,
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such as dihydropyridines (e.g., nimodipine, nicardipine,
and  nifedipine),  benzothiazepines  (e.g,  diltiazem),
phenylalkylamines (e.g., verapamil), and diphenylalkylamines
(e.g., flunarizine), on memory consolidation in young mice
and rats, are controversial. It has been found that nimodipine
does not affect the memory consolidation of rats tested in
the simple learning association (Isaacson et al.,, 1989), as well
as of mice tested in contextual fear conditioning (Suzuki
et al., 2004). Calcium channel blockers that bind principally
to dihydropyridine receptors (nimodipine, nifedipine, and
amlodipine) do facilitate memory consolidation of mice
tested in passive avoidance, linear maze, and elevated plus-
maze tasks (Quartermain et al, 1993, 2001; Biala et al.,
2013). On the other hand, diltiazem and flunarizine improve
memory consolidation of mice tested in passive avoidance
and linear maze (Quartermain et al., 1993, 2001) but not
in the elevated plus-maze task (Biala et al., 2013). Studies
in mice demonstrated that systemic post-training treatment
with verapamil does not affect memory consolidation in the
passive avoidance task (Quartermain et al., 1993; Masoudian
et al, 2015), but improves retention in linear maze and
elevated plus maze tasks (Biala et al, 2013). Noting the
lack of data related to the effect of LVGCC antagonists
on memory consolidation in rats, the aim of the present
study was to evaluate the effects of verapamil post-training
treatment on memory retention, in the open field habituation
task.

MATERIALS AND METHODS

Experimental Animals

Experiments were carried out on male Wistar rats, weighing 200
250 g. The animals were housed in standard Makrolon cages on
sawdust bedding. They were kept in an air-conditioned room
(20 £ 1°C), at 30% humidity and under a 12 h light/12 h dark
cycle (lights on from 08:00 to 20:00 h). Food and tap water
were available ad libitum. One week before the experimental
procedure, the rats were handled daily for 5 min each. The
behavioral tests were performed during the light period (16:00-
20:00 h).

All procedures related to the animal maintenance and
experimentation were in accordance with the European
Communities Council Directive of November 24, 1986
(86/609/EEC) and the guidelines issued by the Spanish
Ministry of Agriculture, Fishing and Feeding (Royal Decree
1201/2005 of October 21, 2005) and were approved by the
Animal Ethics Committee of the University of Murcia. Efforts
were made to minimize the number of animals used, as well as
their suffering.

Drugs

The saline solution of verapamil (Sigma, St. Louis, MO, USA)
was administered intraperitoneally at the dose of 1, 2.5, 5, or
10 mg/kg. Control animals were treated with physiological saline
at the dose of 1 ml/kg body weight. Eight animals were assigned
in each tested group.

Open Field Test

The open field test was performed in a square white plywood
box (100 cm x 100 cm x 40 cm). The floor was divided into 25
(20 x 20 cm) squares. On day 1, the rats were initially placed
at one of the four corners of the box and their behavior was
monitored during 10 min. After that, the rats were removed from
the open field, drug administered and returned to their home
cage. Forty-eight hours later, the retention test was given. The
open field test was performed under 300 lux light intensity and
recorded using a video camera to enable subsequent evaluation.
The apparatus was cleaned with 70% ethanol before each animal
was tested. Eight animals were assigned in each tested group.

In the open field test, the ambulation along the side wall
area (number of outer squares entered), the ambulation in the
central area (number of inner squares entered), the number of
rearing (standing on the hind legs, with or without contact
with the sides of the arena), the time spent frozen (time that
the animal spent immobile), the time spent in grooming (time
that the animal spend licking, scratching or cleaning any part
of its head or body) and the defecation (number of fecal
boli deposited) were recorded. With the aim to correct the
individual baseline differences in the studied parameters, we
used a change ratio score to compare behavior during initial
and final sessions. This score is calculated according to the
Bolivar (2009) as follows: day 2 parameter value/(day 1 parameter
value + day 2 parameter value). Thus, the change ratio score
will approach 0.5 if no change in behavior has occurred, i.e.,
no habituation. If the ratio approaches 0, there is evidence of
habituation. If the ratio approaches 1.0, the tested behavioral
parameter has actually increased from the initial to the final time
periods.

Statistical Analysis

The statistical analysis was made using the SPSS 19.0 statistical
package. The data were analyzed with the General Linear
Model (GLM) repeated measures analysis and presented as
mean = standard error of the mean (SEM). If the GLM showed
significant differences between groups, a post hoc analysis was
performed. The group differences on the acquisition trial were
analyzed by the two-tailed Students t¢-test for independent
samples. The two-tailed Student’s ¢-test for paired-samples was
used for comparison of the data between the acquisition and the
retention trial. The habituation scores were analyzed by the one-
way ANOVA test, followed by the two-tailed Student’s t-test for
independent samples. Differences were considered statistically
significant if p < 0.05.

RESULTS
Open Field Test

Only one animal from the saline treated group and four animals
from the verapamil treated groups displayed freezing behavior
(data not showed). The rest of the data from the open field test
are presented in the Figure 1.

The GLM repeated measure analysis showed a significant effect
of time on ambulation in the side wall area (F(;) = 47.577,
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FIGURE 1 | Effect of 1, 2.5, 5, and 10 mg/kg of verapamil (VER-1,
VER-2.5, VER-5, and VER-10, respectively), administered
intraperitoneally, immediately after the acquisition trial, on ambulation
in the side wall area (A), ambulation in the central area (B), number of
rearing (C), time spent grooming (D), and defecation (E), in the open field
habituation task. The data are presented as mean =+ standard error of the
mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 vs. acquisition trial.

p < 0.001), ambulation in the central area (F(;) = 42.976,
p < 0.001), number of rearing (F(;) = 64.390, p < 0.001),
time spent grooming (F(1) = 19.682, p < 0.001), and defecation
(Fay = 6.712, p < 0.05). There was significant effect of group on
ambulation in the side wall area (F(4) = 3.207, p < 0.05) but
not on ambulation in the central area (F(4) = 1.987, p > 0.05),
number of rearing (F(4) = 2.013, p > 0.05), time spent grooming

(Fay = 2.006, p > 0.05), and defecation (F(4) = 2.454, p > 0.05).
There was significant effect of interaction time x group on
ambulation in the central area (F(4) = 3.261, p < 0.05) and on
the time spent grooming (F(y) = 4.785, p < 0.01) but not on
ambulation in the side wall area (F4) = 2.128, p > 0.05), number
of rearing (F(4) = 0.372, p > 0.05), and defecation (F(4) = 2.390,
p > 0.05).

In the acquisition trial of the open field test, there were no
significant differences between groups in the ambulation in the
side wall area (F(4) = 2.591, p > 0.05), ambulation in the central
area (F(4) = 2.542, p > 0.05), number of rearing (F4) = 1.061,
p > 0.05), time spent grooming (F(4) = 2.233, p > 0.05), and
defecation rate (F(4) = 2.604, p > 0.05). The two-tailed Student’s
t-test for paired-samples showed that ambulation in the side wall
(Figure 1A) and in the central (Figure 1B) areas, significantly
decreased on the retention day, in the saline group (t = 6.677,
df =7,p < 0.001; t = 3.441, df = 7, p < 0.05, respectively)
and in the animals treated with verapamil at the dose of 1 mg/kg
(t = 5.105, df =7, p < 0.001; t = 6.298, df = 7, p < 0.001,
respectively) and 10 mg/kg (t = 3.486,df =7,p < 0.01;t =2.722,
df =7, p < 0.05, respectively) but not in the animals treated with
verapamil at the dose of 2.5 (t = 2.004, df =7, p > 0.05; t = 1.945,
df =7, p > 0.05, respectively) and 5 mg/kg (t = 1.708, df =7,
p > 0.05 t = 2236, df =7, p > 0.05, respectively). The two-
tailed Student’s t-test for paired-samples showed that the number
of rearing (¢t = 5.276, df = 7, p < 0.001; t = 5.420, df = 7,
p <0.001; £ =3.804,df =7,p < 0.01;t =2.396,df =7, p < 0.05;
t =3.155,df =7, p < 0.05) (Figure 1C) significantly decreased
on the retention day in both the saline- and verapamil-treated
(1, 2.5, 5, and 10 mg/kg) animals, respectively. On the retention
day, the time spent grooming (Figure 1D) and the defecation
rate (Figure 1E) significantly decreased in the groups treated with
saline (t = 4.376, df = 7, p < 0.01; t = 3.000, df = 7, p < 0.05,
respectively) and verapamil at the dose of 1 mg/kg (t = 6.120,
df =7,p <0.001; t = 8.104, df =7, p < 0.001, respectively) but
not in animals treated with verapamil at the doses of 2.5 mg/kg
(t = 0501, df =7, p > 0.05 t = —0.804, df = 7, p > 0.05,
respectively), 5 mg/kg (t = 0.367, df = 7, p > 0.05; t = 0.351,
df =7, p > 0.05, respectively), and 10 mg/kg (¢ = 0.346, df =7,
p > 0.05;t =0.408, df =7, p > 0.05, respectively).

The one-way ANOVA test revealed significant differences in
the change ratio score for ambulation in the side wall area
(Fay = 7.097, p < 0.001), number of rearing (F4) = 5.169,
p < 0.01) and time spent grooming (F(4) = 5.616, p < 0.001) but
not in ambulation in the central area (F(4) = 1.266, p > 0.05)
and defecation rate (F(4) = 1.539, p > 0.05). The post hoc analysis
showed that the change ratio score for ambulation in the side wall
area was significantly higher in animals treated with verapamil
in doses of 1, 2.5, and 5 mg/kg than in those treated with saline
(t=—10.104, df = 14, p < 0.001; t = —4.042, df = 14, p < 0.001;
t = —4.091, df = 14, p < 0.001, respectively) or 10 mg/kg of
verapamil (t = 3.242, df = 14, p < 0.01; t = —2.154, df = 14,
p < 0.05; t = 2.195, df = 14, p < 0.05, respectively) (Figure 2).
The change ratio score for the number of rearing was significantly
higher in the animals treated with verapamil (1, 2.5, 5, and
10 mg/kg), compared to those treated with saline (t = —6.216,
df =14, p < 0.001; t = —3.501, df = 14, p < 0.01; t = —4.219,
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FIGURE 2 | Effect of 1, 2.5, 5, and 10 mg/kg of verapamil (VER-1,
VER-2.5, VER-5, and VER-10, respectively), administered i.p.
immediately after the acquisition trial, on habituation score in
ambulation in the side wall area (A), ambulation in the central area (B),
number of rearing (C), time spent grooming (D), and defecation (E), in the
open field habituation task. The data are presented as mean + SEM.

*p < 0.01, ***p < 0.001 vs. acquisition trial. &€ vs. saline, VER-1 or
VER-10 groups, respectively.

df =14, p < 0.001; t = —3.349, df = 14, p < 0.01, respectively)
(Figure 2). The animals treated with verapamil in doses of 2.5,
5, and 10 mg/kg have significantly higher change score for time
spent grooming than the animals treated with saline (t = —3.307,
df =14, p < 0.01; t = —3.289, df = 14, p < 0.01; t = —3.431,
df =14, p < 0.01, respectively) and verapamil in dose of 1 mg/kg
(t=—3.129, df = 14, p < 0.01; t = —3.092, df = 14, p < 0.01;
t = —3.206, df = 14, p < 0.01, respectively) (Figure 2).

DISCUSSION

In the present study, we demonstrated that verapamil, dose-
and parameter-depending, affects habituation in the open field
test, one of the most elementary forms of non-associative
hippocampal-dependent learning (Leussis and Bolivar, 2006).
Although, the animals treated with verapamil (in all tested doses),
significantly reduced the rearing component of the exploratory
behavior on the retention trial, the level of habituation was
impaired compared to the saline treated animals. In contrast,
the middle-used doses of verapamil (2.5 and 5 mg/kg) did
not significantly decrease the ambulation component of the
exploratory behavior, indicating, on this parameter, the inverted
U-shape dose-response curve of its action. However, the
habituation score of ambulation in the side wall area (verapamil
1, 2.5, and 5 mg/kg) was significantly impaired, but not the
habituation score of ambulation in the central area. Regarding
to grooming and defecation, a significant decrease in those
parameters was found only in animals treated with verapamil
in the dose of 1 mg/kg. In spite of this, the habituation
score of grooming was significantly lower in animals treated
with verapamil (2.5, 5, and 10 mg/kg) compared to the saline
treated animals. The present data support our previous findings
that mechanisms of habituation are complex and that each
component could be differently affected by the drugs (Popovic,
2014).

It has been demonstrated that verapamil treatment at the doses
of 1, 2, and 10 mg/kg, but not at the dose of 20 mg/kg, significantly
improves the consolidation of spatial memory in the linear maze
task in mice (Quartermain et al., 2001). Similarly, verapamil at
the doses of 5 and 10 mg/kg, but not at the doses of 2.5 and
20 mg/kg, displays an enhancement effect on the consolidation
of spatial memory in the elevated plus maze task in mice (Biala
et al., 2013), resembling the inverted U-shape dose-response
curve of its action. It has been suggested that the inverted U-shape
dose-response curve of the verapamil action, could be due to
modulation rather than to a complete blockade of LVGCCs (Biala
etal., 2013).

The mechanism by which verapamil facilitates or impairs
memory consolidation in different tasks, is still unclear. Although
classified as L-type calcium channel blocker (being Cay1.2
channels more sensitive than the Cay1.3 ones), verapamil blocks
Cay2.1, Cay2.2, Cay2.3, and Cay3.2 channels too (Ishibashi et al.,
1995; Cai et al., 1997; Dobrev et al., 1999; Tarabova et al., 2007;
Kuryshev et al., 2014). Given that the systemic administration
of verapamil (range dose 1-10 mg/kg) does not affect the open
field behavior (Rogério and Takahashi, 1990; Popovi¢, 1997), the
effect of verapamil on memory consolidation of the open field
habituation, seems to be independent on the anxiety level. In this
line, in Cay1.3 knockout mice the open field behavior was not
changed (Busquet et al., 2010), while only severe reduction in the
Cay1.2 activity, in the mouse forebrain, enhanced anxiety-like
behaviors in open field (Lee et al., 2012). As far to our knowledge,
there are no data analyzing the implication of these subunits in
the consolidation of the open field habituation.

In view of the fact that verapamil can block large
conductance calcium-activated potassium channels (BK channel)
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(Harper et al., 2001) and that habituation of the exploratory
locomotor behavior in the open field is not affected in the BK
knock-out mice (Typlt et al.,, 2013), it could be less probable
that the effect of verapamil be partially due to the action on
these channels. It is possible that verapamil, through its action
as an antagonist of P-glycoprotein transporters or multidrug
resistance proteins (Pajeva and Wiese, 2002), impairs memory
consolidation in open field task, since P-glycoprotein knockout
mice display lower level of habituation than the wild-type mice
(Schoenfelder et al., 2012).

CONCLUSION

As far to our knowledge, the present data represent the first
evidence that post-training verapamil administration produces
parameter- and dose-dependent impairment of habituation in the
open field task in rats. Moreover, the present findings resembling
the inverted U-shape dose-response curve of verapamil action.
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Cognitive impairment is the most common neurologic sequelae after carbon
monoxide (CO) poisoning, and the previous investigations have demonstrated that
N-Butylphthalide (NBP) could exert a broad spectrum of neuroprotective properties.
The current study aimed to investigate the effect of NBP on cognitive dysfunction
in rats after acute severe CO poisoning. Rats were randomly divided into a normal
control group, a CO poisoning group and a CO+NBP group. The animal model of
CO poisoning was established by exposure to CO in a chamber, and then all rats
received hyperbaric oxygen therapy once daily, while rats in CO+NBP group were
administered orally NBP (6 mg/ 100g) by gavage twice a day additionally. The results
indicated that CO poisoning could induce cognitive impairment. The ultrastructure of
hippocampus was seriously damaged under transmission electron microscopy, and
the expressions of calpain 1 and CaMK |l proteins were significantly elevated after CO
exposure according to the analysis of immunofluorescence staining and western blot.
NBP treatment could evidently improve cognitive function, and maintain ultrastructure
integrity of hippocampus. The expression levels of both calpain 1 and CaMK Il proteins
in CO+NBP group were considerably lower than that of CO poisoning group (P < 0.05).
Taken together, this study highlights the molecular mechanism of cognitive dysfunction
in rats after CO exposure via the upregulation of both calpain 1 and CaMK |l proteins.
The administration of NBP could balance the expressions of calpain 1 and CaMK |
proteins and improve cognitive function through maintaining ultrastructural integrity of
hippocampus, and thus may play a neuroprotective role in brain tissue in rats with CO
poisoning.

Keywords: Ca2*/calmodulin dependent protein kinase I, Calpain 1, CO poisoning, cognitive function,
N-butylphthalide, rat

INTRODUCTION

From a public health perspective, unintentional carbon monoxide (CO) poisoning is a leading
factor of accidental poisoning in the United States, and may be the cause of more than 50%
fatal poisonings in many industrial countries (Omaye, 2002; Geraldo et al., 2014). The clinical
signs and symptoms associated with CO toxicity effects depend on the concentration and
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duration of exposure, ranging from slight headache, nausea,
vomiting, shortness of breath, malaise and palpitation, to
confusion, unconsciousness, coma and even death (Wright,
2002). There are permanent neurologic problems in 46% of
survivor (Choi, 2002; Yogaratnam et al., 2011), and the delayed
neurological manifestations, such as cognitive and personality
changes, incontinence, psychosis, and parkinsonism, are the
most common neurologic sequelae, and develop between 2 days
and 8 months later in 10% to 30% of survivors. Many studies
have provided magnitude estimates of the lesions affecting
cortex, basal ganglia, globus pallidus and white matter changes
within the corpus callosum and periventricular region (Chang
et al, 2010; Lakhani and Bleach, 2010; Ruth-Sahd et al,
2011). Nevertheless, few investigations evaluate the relationship
between the cognitive impairment and hippocampus damage
after exposure to CO (Chen et al., 2013). N-butylphthalide (NBP),
originally extracted from the seeds of Apium graveolens Linn,
has displayed a broad spectrum of neuroprotective properties.
It has been demonstrated that NBP could efliciently improve
cognitive deficits induced by chronic intermittent hypoxia
(IH)-hypercapnia exposure (Min et al, 2014), protect cells
against ischemic damage via multiple mechanisms including
mitochondria associated caspase-dependent and -independent
apoptotic pathways both in vitro and in vivo (Li et al., 2010;
Wang et al., 2014), maintain mitochondrial function and balance
the expressions of anti-apoptosis genes and pro-apoptosis genes.
Meanwhile, the experimental investigations have revealed that
NBP administration at the dosage of (15-160 mg/ kg) was safe
and reliable via oral or intraperitoneal injection (Xiong et al.,
2012; Diao et al., 2014). Moreover, NBP, to some extent, could also
participate in the activation of Keap1-Nrf-2/antioxidant response
element (ARE) signaling pathway, and thus play neuroprotective
roles against brain damage after acute CO poisoning (Li Q.
et al, 2015). In the present study, we aimed to investigate
the underlying mechanisms of cognitive dysfunction in rat
models after exposure to CO, and evaluate the feasibility of
NBP treatment on the structural and functional impairment of
hippocampus induced by acute severe CO poisoning.

MATERIALS AND METHODS

Ethics Statement

Total of 120 adult healthy male Sprague-Dawley rats (7~8 weeks,
weighing (230 £ 20) g were supplied by Qingdao Academy of
Medical Sciences, China. All animal experiments were carried
out in strict accordance with the regulations for the Care and
Use of Laboratory Animals of the National Institute of Animal
Health and the Guidance by the ethics committee of Qingdao
University (animal welfare assurance number: 14-0027, Bi et al.,
2016), and all possible efforts were made to minimize the pain
and discomfort of each animal in accordance with the Animal
Care and Use Program Guidelines of China.

Subjects and Groups
In the present study, 120 rats were randomly assigned to three
groups: a normal control group (NC group, n = 40), a CO

poisoning group (CO group, n = 40) and an NBP treatment
group (CO+NBP group, n = 40). Prior to experiments, all rats
were housed in a temperature-controlled environment with a 12-
hlight/dark cycle for 7 days, and had free access to food and water
throughout the experiment. Rats in CO group and CO+NBP
group suffered from CO exposure to establish an animal model
in the animal chamber as described previously (Li et al., 2016),
while those in normal control group were permitted to breathe
fresh air simultaneously. The subjects with coma, high HbCO
concentration (>40%) during CO inhaling and then conscious
restoration after a breath of fresh air were considered as the
successful models of acute severe CO poisoning. As a result, the
conscious recovery time was (28.6 & 8.8) min in CO group, and
(28.5 £ 8.6) min in CO+NBP group, and there was no significant
difference between the two groups (P > 0.05). During the whole
experiment, rat core temperature was maintained at 36 ~ 37°C
using a heated blanket. Three cases were excluded in the final
experimental statistics because of continued coma (one rat) or
low HbCO concentration (two rats); meanwhile, another three
rats of successful models were admitted in the experiment to
perform the following tests.

Treatment and Intervention

N-butylphthalide (chemical formula: C;2H;403, molecular
weight: 190.24, purity: 100%) was granted by Shijiazhuang
Pharmaceutical Co., Ltd., China. All rats received hyperbaric
oxygen therapy within 10 min after conscious restoration (Liu
W.C. et al,, 2016). Rats in CO+NBP group were administrated
6 mg/100 g NBP by gavage using a stomach tube at 2 h after
CO exposure additionally, twice a day for 1 day to 1 month till
sacrificed (Li J. et al., 2015; Li Q. et al., 2015), and those in CO
group and NC group were given the same dosage of pure olive oil
as placebo at the same time.

Evaluation of Neurological Behavior

Morris Water Maze Task

Morris water maze task (Shanghai soft Information Technology
Co., Ltd., Model number: XR-XM101) was designed to study
spatial learning and memory in all rats enrolled in the present
experiment using the method described previously (Ueno et al.,
2009). A platform was submerged into a tub (diameter = 130 cmy;
height = 50 cm; depth = 30 cm) of opaque water. The walls in
the room around the water maze were covered with black cloth
to create a covered area of 4-by-6 m. Two distal cues were fixed
on the black walls. The animals were placed into the water from
different locations at the beginning of each trial and performed
four trials per session twice a day for 4 days before neurological
behavior test. EthoVision XT 9 Software Analysis System was
used to record the swimming route and the escape latency to
finding the platform in detail. Three rats were removed from the
experimental statistics because of their average escape latency far
away from others, and another three rats met the experimental
requirements were supplemented to the appropriate group. The
average escape latency and the number of crossing platform were
calculated on days 1, 3, 7, at 2 weeks and 1 month after exposure
to CO. Data were expressed as the average values of four trials for
each rat in different groups.
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Shuttle Box Experimental Score

The change of learning and memory ability in the experimental
rats was recorded by the active avoidance response (AAR) index
established in the condition. Infrared ray will be emitted from the
left and right sides of a shuttle box (model number:10080116012),
respectively. If the animal locates in the center of the box at the
beginning of the experiment, the shuttle test will end when it
shades any light beam from either the left or right sides. If the
animal stands in the left box, the test will not terminate until
it shades the light beam from the right, and vice versa. Animal
finishes the shuttle during the buzzer known as the AAR, while
it is called passive avoidance response (PAR) in the electrical
stimulation stage. Rats were first handled for 5 min per day to
acclimate in the behavioral test room for 1 week prior to the
start of behavior testing. In this study, the capacity of learning
and memory was expressed as the ratio of AAR, that is, the rate
of the completed times of ARR to the total times of test (50
times).

Pathological Changes in Hippocampus
Preparation of Paraffin Sections and
Hematoxylin-Eosin (HE) Staining

Four rats in each subsection were deeply anesthetized by
intraperitoneal injection of 3% pentobarbital, and were perfused
with 0.9% sodium chloride and 4% formaldehyde solution
200 ml transcardially at different time points mentioned above.
Immediately upon harvest, brain tissues were taken out from
skull, post-fixed in 4% formaldehyde for 2 h, immersed in
double distilled water for 4 h, and dehydrated in gradient
ethanol, transparented in dimethyl benzene, finally embedded in
paraffin. Coronal sections were cut at 7 um thicknesses through
the hippocampus consecutively with a microtome (LEICA-RM
2015, Shanghai Leica Instruments Corporation, China) and
adhered on the slides prepared with poly-L-lysine, then stored
at 4°C. Paraffin sections were stained with HE solution as
general procedure and pathological changes of the different areas
(including CA1 and CA3) in hippocampus were observed under
a light microscope.

Transmission Electron Microscopy (TEM)

To observe the ultrastructural changes of hippocampus in rats
after exposure to CO, TEM was applied in the present study.
Four animals in each group were deeply anesthetized and
the hippocampus tissues were separated from the whole brain
carefully and rapidly in a matrix surrounded by cold ice and cut
into ] mm x 1 mm X 1 mm pieces, then immersed in a fixative
solution (2.5% glutaraldehyde in 0.1 mmol/l sodium cacodylate,
pH 7.4) for 3 h at room temperature. After post-fixation in 1%
Osmium tetroxide (pH 7.4) for 2 h at 4°C, the hippocampal
pieces were embedded in epoxy resin Epon 812 and cut into
ultrathin sections of 50 nm using an ultramicrotome (Leica EM
UC6, Germany) on polyvinyl formal at 4°C for preservation.
The slices were then immersed in the saturated alcohol solution
containing 3% acetic acid uranium (pH = 3.5) in a clean culture
dish and dyed for 30 min, followed by 6% lead citrate solution
for the ultrastructure observation under a TEM (JEM-1200EX,
Japan).

Golgi Staining

Four rats in each group were deeply anesthetized and perfused
transcardially with sodium chloride and formaldehyde solution
at the indicated time as described above, and then the whole
brain were taken out, immersed thoroughly in Golgi mordant
dyeing for 7 days at room temperature, followed by immersion
in 30% sucrose solution for 48 h at 4°C in a dark environment.
The brain tissue was cut into slices at 100 wm thickness and
mounted on the anti-off load glass section for Golgi staining.
Sections were rinsed thoroughly with triple-distilled water and
aqueous ammonia solution (ammonia: distilled water 3:1) for
10 min and then in 1% sodium thiosulfate solution prepared
freshly for another 10 min away from light at 26°C. Under a 1000-
fold-light microscope, the number of dendritic spines of neurons
in CA1 was calculated and analyzed in three brain slices of each
rat. The amount of dendritic spines per 10 jum acted on behalf of
the dendritic spine density.

Immunofluorescence Staining

The paraffin sections were used to observe the expressions of
calpain 1 and CaMK II positive cells by immunofluorescence
staining assay, too. The monoclonal antibodies of the two
target proteins were granted by Santa Cruz Company. The
sections were blocked with sealing buffer (5% normal goat
serum and 0.1% Triton X-100 in PBS) for 1 h and incubated
with primary antibodies for 2 h at 37°C, (anti-calpain 1,
dilution 1: 400; anti- CaMK II, dilution 1: 150), followed by
fluorescence secondary antibody. All slides were observed under
a fluorescence microscope (Leica, Heidelberger, Germany) in
four non-overlapping fields randomly in hippocampus. The
optical density (OD) value of positive cells was analyzed using
Leica Qwin image processing and analysis system.

Western Blot Analysis

Four rats in each group were deeply anesthetized as described
above and then the hippocampal samples were separated by SDS-
polyacrylamide gel electrophoresis (PAGE) and subsequently
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). After blocking in Tris-buffered
saline and Tween 20 solution (TBST) containing 10% skimmed
milk powder for 1 h, the PVDF membranes were incubated with
primary antibodies (calpain 1 dilution 1: 550; CaMK II dilution
1: 500)for 50 min and horseradish peroxidase (HRP)-conjugated
secondary antibody overnight at 4°C. Finally, the membranes
were washed fully with PBS and developed in X optical film
according to the manufacturer’s instructions. The absorbance (A)
value of target proteins was analyzed by Bio-Rad 2000 gel imaging
system and Quantity one software. The expression level of B-actin
in the same sample, as an internal reference, was also detected to
normalize the relative A values of target proteins.

Statistical Analysis

Data were presented as mean = SEM and analyzed using the
Graph Prism Program, Version 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA). Differences in the parameters were evaluated
using one-way analysis of variance (ANOVA) and least significant
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difference (LSD) t-test. Values less than 0.05 were considered
statistically significant.

RESULTS

Neurobehavioral Changes of Rats in
Each Group

In the experiments of positioning navigation and space
exploration, we observed that the average escape latency was
significantly prolonged in both CO group and CO+NBP group in
comparison to that of NC group (P < 0.05, Table 1). Meanwhile,
we also noted that the number of crossing platform in both
CO group and CO+NBP group was obviously decreased, and
there was a statistical difference compared with that in NC group
(P < 0.05). The average escape latency in CO+NBP group was
shorter than that of CO group, and the number of crossing
platform was slightly increased. The difference between the two
groups was extremely significant at a late stage of CO poisoning
(>1 weeks, P < 0.05), yet no significant difference was found at
an early stage of poisoning (<3 days, P > 0.05). These results
suggested that acute CO poisoning could decrease the ability of
spatial learning and memory in rats, which may be closely related
to the duration of CO exposure. CO+NBP could obviously
improve the learning and memory function of rats, and the
neuroprotective effect might last for at least 1 month after CO
poisoning.

The AAR of rats in CO group were notably decreased
compared with that of NC group, and there were significant
differences from 1 day to 1 month after CO poisoning
(P < 0.05). However, the AAR were significantly increased after
the administration of NBP, especially at a late stage of CO
poisoning (>7 days), and there was statistical significance from
7 days to 1 month after CO poisoning compared to that of CO
group (P < 0.05, Figure 1).

Pathological Changes in Hippocampus in
Rats

Using HE staining, we found that neurons in CAl region
of hippocampal tissue in NC rats were small, with round
or oval shape, and aligned neatly and tightly, while those in
CA3 were larger than that in CAIl, with clear outline and
lightly stained nucleus, and not arranged in order. However,
neurons in both CAl and CA3 regions in CO group were

The average ratio of AAR in each group

100 ~ ENC group [ CO group

average ratio of AAR

1 day

3 days 7 days 2 weeks 1 month

Time points

FIGURE 1 | The average ratio of active avoidance response (AAR) in
NC, CO poisoning and CO+NBP treatment groups. The average ratio of
AAR in rats in CO group was notably decreased compared with those in NC
group (n = 4, *P < 0.05). After administration of NBP, the average ratio of
AAR was significantly increased, especially at a late stage of CO poisoning
(>7 days), and accompanied by a statistical significance from 7 days to

1 month after CO poisoning compared to that of CO group (n = 4,

#p < 0.05). F = 11.5628~20.176.

irregular shape, part of which accompanied by pyknosis, even
evident shrinkage with spindle-shaped morphology (Figure 2),
suggesting that CO poisoning can obviously damage the structure
of hippocampus. NBP treatment could significantly alleviate the
damage of hippocampus in rats after intoxication, and neuronal
bodies returned roughly normal dimension and few nuclear
karyopyknosis and fragmentation were detected in NBP-treated
rats.

Using transmission electron microscopy (TEM), we observed
that the exterior contour of hippocampal neurons in NC rats
was clear, with big and round nucleus and uniform chromatin.
The double nucleus membrane was clear and complete.
Mitochondria, rough endoplasmic reticulum, ribosomes, Golgi
bodies, and other organelles were rich, and scattered in cytoplasm
with structural integrity. In contrast, hippocampal neurons were
swelled, nucleus chromatin were condensed and marginalized,
mitochondria appeared vacuolization, cristae and membrane
were broken, rough endoplasmic reticulum dilated and the
ribosomes denuded, and partial cell organelle dissolved or
disappeared after CO poisoning (Figure 3). The damage degree
of hippocampal ultrastructure in CO+NBP group was rather

TABLE 1 | Differences in the average escape latency and the number of crossing platform in Morris water maze performance in different groups.

n 1 day 3 days 7 days 2 weeks 1 month
NC group Escape latency (s) 4 4451 + 3.51 42.33 + 3.26 38.42 + 3.09 36.10 £ 2.67 26.23 £2.14
Number of crossing 4 6.58 £ 0.47 6.68 £ 0.47 7.16 £ 0.51 7.32 £ 0.50 7.42 £0.52
CO group Escape latency (s) 4 55.68 + 4.28* 53.16 + 4.25* 49.11 £+ 3.90* 45.53 + 3.52* 39.47 + 3.11*
Number of crossing 4 1.32 £ 0.11* 1.32 +£ 0.08* 1.32 +£ 0.09* 0.98 £ 0.10* 0.98 + 0.09*
CO+NBP group Escape latency (s) 4 55.32 + 4.13* 52.6 + 4.07* 40.3 + 3.37*# 38.8 + 3.12*# 30.1 + 2.96*#
Number of crossing 4 1.34 £ 0.13* 1.33 £ 0.10* 1.66 £ 0.11* 2.83 + 0.18** 3.21 £ 0.21*#

*Compared with NC group, P < 0.05; *compared with CO group at the same time point, P < 0.05, F = 10.317 ~ 17.836.
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NC group

CA1

CA3

regions in CO-+NBP group.

CO group

FIGURE 2 | Pathological changes of hippocampus in NC, CO poisoning and CO+NBP treatment groups using HE staining. Neurons in CA1 region were
smaller accompanied by either round or oval shape, and were aligned neatly and tightly (A1), while those in CA3 (A2) were larger than in CA1 region and did not
arrange in order. Meanwhile, few nuclear karyopyknosis and fragmentation were detected in NC samples. Neurons in both CA1 (B1) and CA3 (B2) regions in CO
group were irregular shape, and part of which was pyknosis and shrinking with spindle shape. Neuronal body was roughly normal in both CA1 (C1) and CA3 (C2)

CO+ NBP group

slighter than that of CO group. Double-deckered nuclear
membrane was clear, synaptic structure was relatively complete
and mitochondria were normal or only slightly swollen with few
vacuoles, suggesting that NBP treatment can efficiently improve
the ultrastructural damage of hippocampus induced by CO
poisoning.

Our study showed that the number of dendritic spines in
hippocampal neurons in CO group was lower than that of NC
group, but no statistical difference was detected at an early stage
of CO poisoning compared with that of NC group (<1 week,
P > 0.05), whereas a significant difference existed at a late stage
of CO poisoning (>2 weeks, P < 0.05). Moreover, the number
of dendritic spines in CO+NBP group was higher than that in
CO group, and it existed statistical difference at a late stage of CO
exposure (>2 weeks, P < 0.05, Figure 4).

The Expressions of Calpain 1 and CaMK

Il Proteins in Rats after CO Poisoning

Under a fluorescent microscope, a small number of calpain 1
positive cells with different sizes and red fluorescent light were
observed in hippocampus in NC subjects. The positive cells were
mainly located in cytoplasm, and the amount of calpain 1 positive
cells was gradually increased and maintained at relatively higher
levels in CO poisoning rats between 3 days and 2 weeks compared
to those in NC group (P < 0.05). NBP treatment could notably
decrease the expressions of calpain 1-positive cells, and the OD
value was accordingly dropped compared with that in CO group
between 3 days and 2 weeks (P < 0.05, Figure 5). Furthermore,
the same results were also confirmed using western blot assay
(Figure 6).

Under normal physiological conditions, a basal expression of
CaMK II with weak green light in positive cells in hippocampus
was observed in NC rats. After exposure to CO, the level of CaMK
IT increased sharply in a short time, peaked between 1 and 3 days,
and then decreased. Nevertheless, it was still higher than that of

NC subjects even up to 1 month. Using western blot assay, we
found a similar tendency in the change of CaMK II level analyzed
by immunofluorescence staining. These results revealed that the
overexpression of CaMK II protein might be closely related to
hippocampus damage induced by CO poisoning. In addition, we
also noted that the number of CaMK II positive cells in CO+NBP
treatment group was obviously lower than that in CO group at the
same time (Figure 7, P < 0.05).

The Relationship between Calpain 1 and CaMK |l

In order to investigate the relationship between calpain 1 and
CaMK 1I, double immunofluorescence labeling was used in the
present study. We found that although the two proteins were
mainly in the cell bodies in hippocampus, some calpain 1-positive
cells did not show CaMK II immunoreaction. Similarly, not
all CaMK II-positive cells exerted calpain 1 immunogenicity in
the same view (Figure 8). These results suggest that the two
proteins can not only co-exist in the same cells, but also express
alone in different cells. Further, we found that the expression
of calpain 1 was significantly increased after CO poisoning and
peaked on 3 days; while the amount of CaMK II positive cells
peaked on 1 day, showing a steep rise in a short time period
after exposure to CO. Subsequently, the expression levels of these
two proteins were gradually decreased. The similar evidence
was also assessed and validated by western blotting test, and
the result of linear regression analysis clarified the positive
quantitative relationship between calpain 1 and CaMK II proteins
(R? = 0.8521), indicating the two proteins would be activated
successively after CO poisoning, and then influence the cognitive
function of rats.

DISCUSSION

Carbon monoxide poisoning is the leading cause of death
by poisoning in industrialized countries, and often leads to
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FIGURE 3 | Transmission electron microscopy (TEM) photographs of pathological changes in hippocampus in different groups. The exterior contour of
neurons in NC group was clear, with big and round nucleus and uniform chromatin on days 3 (A1). The double nucleus membrane was clear and complete.
Organelles were rich and scattered in cytoplasm with structural integrity (A2). Hippocampal neurons were swelled, chromatin in the nucleus was condensed and
marginalized, and cristae and membrane were broken. Meanwhile, mitochondria appeared to be vacuolization, and partial cell organelle dissoluted and disappeared
in CO poisoning group on days 3 (B1,B2). By contrast, the double-deckered nuclear membrane of neuron was clear, and mitochondria and other organelles were
normal or only slightly damaged in CO+NBP group on days 3 (C1,C2).

The learning and memory behavior of animal is divided
into two aspects. One is based on the memory formation of
fear, named passive avoidance and active avoidance, which
belongs to simple memory and depends on non-condition
reflex and condition reflex. The other is based on the memory
formation of visual, known as spatial reference memory,
which belongs to advanced memory. Shuttle box test is an
important approach for quantitative determination of animal
behavior changes in many neurological researches (Lalanza et al.,

diffuse hypoxic-ischemic encephalopathy and focal cortical
injury, especially in severe acute cases. Cognitive dysfunction
is the most common neurological symptoms. In recent
decades, many scholars focused on the mechanism, including
hypoxia, lipid peroxidation, apoptosis, binding to intracellular
proteins and disrupting cellular metabolism, excitotoxicity
and cerebral edema, but it is still poorly elucidated about
acute brain injury following CO poisoning (Han et al,
2007).
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FIGURE 4 | Histogram of the number of dendrite spines per 10 um in
each group using Golgi staining. The number of dendritic spines in
hippocampal neurons in CO group was lower than that of NC group, but no
statistical difference was detected at an early stage of CO poisoning
compared with that of NC group (<1 week, P > 0.05), whereas a significant
difference existed at a late stage of CO poisoning (>2 weeks, *P < 0.05). The
administration of NBP could increase the number of dendritic spines, and it
existed statistical difference as compared with CO group at a late stage of CO
exposure (>2 weeks, *P < 0.05). F = 13.327~19.460.

2015; Rio-Alamos et al., 2015), and belongs to the classical
conditioned reflex associated with learning, while Morris water
maze test mainly for the advanced intelligent activities. Together
with shuttle box test and water maze test, we found that
after CO poisoning, the active escape latency and the route
of escape latency of rats were significantly prolonged, and
the number of crossing platform was obviously decreased in
rats, suggesting that CO poisoning can damage not only the
advanced intelligence activities, but also the classical conditioning
reflex.

Hippocampus is the main carrier of learning and
memory. Animal experiments have shown that the damage
of hippocampus can directly lead to learning and memory
disorders. The mechanism of learning and memory is related
to the electrophysiological activities of both the long-term
potentiation (LTP) and the long-term depression, and the
perforant pathway and other loops of hippocampus may be
the anatomical basis of LTP in hippocampus (Woodard et al.,
2012; Schinazi et al, 2013). Hippocampus, a component of
limbic system, is also involved in the pain and emotional
responses and other activities (Kim et al., 2012; Martuscello
et al, 2012). There are extensive fiber connections between
external and internal fibers, which are the structural basis for
the complex functional implementation of hippocampus, and
the structural abnormalities and pathological changes can lead
to some neurological and psychiatric diseases. Golgi staining has
been recognized as the most traditional and efficient method of
neurological research. Using heavy metal salt staining, neurons
and their small dendritic spines were significantly detected,
and it is very easy to distinguish the development and death of
neurons, the delivery of neurotransmitters and other aspects. In
recent years, Golgi staining was used to observe the total length
of dendrites and the density of dendritic spines in hippocampal
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FIGURE 5 | Changes of calpain 1 in hippocampus in each group.
Calpain 1 positive cells were observed in hippocampal tissue in NC group,
and mainly located in cytoplasm (A1-C4). After exposure to CO, the amount
of calpain 1 positive cells was gradually increased, peaked between days 3
and 7, and maintained at relatively higher levels till 2 weeks in contrast to
those in NC group (n = 4, P < 0.05). In contrast, administration of NBP could
significantly decrease the expression levels of calpain 1 protein in comparison
to that of CO poisoning group at the same time (n = 4, P < 0.05).

(D) Histogram of the OD values of calpain 1 positive cells in each group at
different time points.*Compared with NC group (n = 4, P < 0.05); #compared
with CO group (n = 4, P < 0.05). F = 11.5625~21.618. Scale bar is 30 pm.

neurons (Martinez-Cerdefio and Noctor, 2014; Peterson et al.,
2015). The dendritic spine is closely related to neural plasticity,
and the number of dendritic spines directly influences the
delivery of neurotransmitters and the ability of learning and
memory. In the present study, the results showed that the
neuronal ultrastructure was obviously damaged, and the number
of dendritic spines in hippocampal neurons was decreased in
CO poisoning rats. NBP treatment could efficiently protect the
structure integrity of hippocampus, benefit the development of
dendritic spines, and elevate the cognitive ability of rats against
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CO poisoning, and the effect is more evident at a late stage
of CO poisoning (>2 weeks). These results suggest that the
long-term administration of NBP may be more beneficial to
the recovery of learning and memory function in rats after CO
poisoning.

The physiological function of hippocampus depends not only
on the integrity of structure, but also on the normal quality
and quantity of a variety of neurotransmitters. The calcium
channels in hippocampal neurons participate in many important
physiological functions of nervous system, including LTP and
inhibition, learning and memory, etc. The elevated level of
calcium ions in nucleus will activate the memory-related genes
associated with long-term changes in postsynaptic structure, and
which is the mechanism of learning and memory formation
(Gurkoff et al., 2013; Nimmrich and Eckert, 2013).

Calpain 1 is a kind of calcium-activated intracellular protease,
and ubiquitously expressed calcium-activated intracellular
cysteine protease that exists in both cytosol and mitochondria.
As a channel protein, calpain 1 expression is closely related to
the concentration of calcium ions in neurocytes, cardiomyocytes
and other cell types. Calpain-1 activation, resulting from NMDA
receptor on postsynaptic membrane, mainly triggered an
early neuroprotective signaling cascade potentially in a small
subset of neurons in hippocampus, and was restricted to a
small population of interneurons following systemic kainic
acid injection (Seinfeld et al., 2016). Calpain-1 has also been
demonstrated a critical role in synaptic plasticity and learning
and memory, as its deletion in mice results in impairment
in theta-burst stimulation (TBS)-induced LTP and various
forms of learning and memory (Liu Y. et al, 2016). The
continuous increase in calpain 1 expression will inevitably lead
to excessive calcium influx into cells, resulting in a significant

decline of cell survival rate; whereas selective calpain inhibitors
have been proved the potency, efficacy and safety as possible
therapeutics against abnormal synaptic plasticity and memory
produced by the excess of amyloid-p, a distinctive marker of
Alzheimer’s disease (Fa et al, 2015). Thompson found that
the activation of mit-calpain 1 increased cardiac injury during
ischemia-reperfusion (IR) by releasing apoptosis-inducing
factor, sensitizing mitochondrial permeability transition pore
(MPTP) opening, and impairing mitochondrial metabolism
through damaging complex 1. MDL-28170, an inhibitor of
calpain 1, could effectively alleviate cardiac injury during
IR by inhibiting both cytosolic and mitochondrial calpain 1
(Thompson et al.,, 2016). The results of Wang et al. (2016)
demonstrated that IH increased calpain enzyme activity
and reactive oxygen species (ROS) level as well as Ca’*
concentration, and these effects could be eliminated by a
membrane-permeable ROS scavenger. Therefore, they insisted
that the activation of calpains by ROS-dependent elevation
of Ca’* mediate human ether-a-go-go-related gene (hERG)
channel protein degradation by IH (Wang et al., 2016). Our
investigation showed that the abnormal expression of calpain
1 was related to the ultrastructural damage of hippocampus to
some extent during CO exposure. These results were consistent
with those of Fa et al. (2015) and Wang et al. (2016), but
slightly different from Seinfeld et al. (2016). We conceive the
different roles of calpain 1 in the process of pathological state,
i.e, the slight and transient increase of calpain 1 expression
may play an endogenous protection in the super early stage
of CO poisoning, whereas the activation of NMDA receptor
and the overload of intracellular calcium will result in the
over-expression of calpain 1 protein in a bite late period after
exposure to CO, and then lead to cell apoptosis/necrosis through
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FIGURE 7 | Alterations of CamK Il positive cells in each group. CaMK |
positive cells were observed in rats in NC group (A1-A4), while the amount of
CaMK I positive cells in CO poisoning individuals was sharply increased to the
peak between days 1 and 3 with strong fluorescent values, and then
decreased (B1-B4). Nevertheless, it was still higher than that of NC group till
1 month (n =4, P < 0.05). NBP administration could down-regulate the
expression level of CamK Il compared with that in CO group at the same
times (C1-C4; n = 4, P < 0.05). (D) Histogram of the OD values of CaMK I
positive cells in each group at different time points. *Compared with NC group
(n =4, P < 0.05); *compared with CO group (n = 4, P < 0.05).

F =10.941~22.437. Scale bar is 30 pm.

mitochondrial-mediated signaling pathway (Figure 9). NBP
treatment could notably decrease the expressions of calpain
1-positive cells, suggesting that NBP may efficiently protect
hippocampus neurons against CO toxicity via down-regulating
the expression of calpain 1 protein in brain tissue in rats followed
by CO poisoning.

Calcium/calmodulin-dependent protein kinase II (CaMK
II) is a major multiple functional calcium-regulated enzyme
and abundant in brain tissue, especially in hippocampus, which
regulates neuronal receptor- gated ion channels, calcium-
dependent ion currents and the synthesis and release of

neurotransmitters. It has been demonstrated that persistent
activation of CaMK II is dependent on the autophosphorylation
of Ca?*/calmodulin, and the latter in hippocampus plays a
critical role in synapse formation, receptor and ion channel
function, gene expression, and memory processing and
neuroplasticity. Many experimental animal models revealed
that formation of learning and memory, such as hippocampal-
dependent spatial learning, is strongly responsible for the activity
of CaMK II (Malik and Hodge, 2014). Thus, prevention of
CaMK II autophosphorylation could obviously impair spatial
learning and memory tasks in mutant mice (Giese et al., 1998),
whereas the administration of morphine sensitization apparently
increased both Ca?*/calmodulin- independent and -dependent
activities of CaMK II in hippocampus in rat models (Kadivar
et al., 2014). Moreover, Ashpole and Hudmon (2011) found that
a short time suppression of the abnormal CaMK activation could
reduce the mortality rate of hippocampal neurons, while the
neuroprotective effect was lost, and cell death would inevitably
occur if the sustained inhibitory of CaMK expression was
more than 8 h, and vice versa. Nevertheless, acute morphine
induction at a dosage of 5 mg/kg did not alter either CaMK II
mRNA expression or CaMK II activity in hippocampus, and
overexpression of CaMK II in transgenic mice resulted in the
enhancement of spatial memory acquisition (Mayford et al,
1995). CaMK II, the downstream signal molecular of N-methyl-
D-aspartate receptors (NMDARs) and cAMP- response element
binding protein (CREB), plays a crucial role in inducing the
formation of LTP, whose generation and maintenance need
the synthesis of new proteins (Zhu et al, 2014). Thus, as a
“molecular switch,” the relatively invariable activity of CaMK
II in cytoplasm may be essential for cell survival and trigger
LTP process and short-term memory formation. Our result
showed that the level of CaMK II increased sharply during
short time intervals, and still maintained at a higher level
till 1 month after exposure to CO even up to 1 month. This
result was identical to that of calpain 1 expression. Thus, we
assumed that under normal circumstances, NMDARs were
not activated due to the combination with magnesium ions,
the concentration of intracellular calcium was relatively low,
and there was only a small amount of calpain 1 and CaMK II
proteins in cytoplasm to maintain the structural and functional
integrity of cells. However, when suffered a strong or persistent
stimulus, such as acute severe CO poisoning, magnesium
ions were escaped from the complex and NMDARs were
further completely activated. Therefore, the overexpressions
of calpain 1 and CaMK II proteins in cytoplasm induced by
calcium overload were rush into nucleus, eventually led to
degradation of DNA and NPC, and even apoptosis/necrosis
(Wang et al,, 2013; Chimura et al., 2015; Figure 9), whereas
early application of NBP can significantly reduce the expressions
of calpain 1 and CaMK II proteins, suggesting that NBP may
improve cognitive function and maintain neuronal survival and
function via inhibiting these two target proteins in rats after CO
poisoning.

In summary, the results demonstrated that NBP at the
dosage of (6 mg/ 100g) was safe via oral and no side effect
was found in any of the SD rats in the present study. NBP
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FIGURE 8 | Photographs of relationship between the locations of calpain 1 and CaMK Il proteins in hippocampus under a fluorescent microscope.
(A) Calpain 1 positive cells; (B) CaMK Il positive cells; (C) co-expressions of the two proteins under the same view (merged). Scale bar is 30 um.
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FIGURE 9 | A schematic diagram of the role of calpain 1 and CaMK Il in apoptosis and long-term potentiation (LTP) after CO poisoning. Under resting
state conditions, NMDARs were interacted with magnesium ion and were not activated, the level of intracellular calcium ions was relatively low, and there was only a
small amount of calpain 1 and CaMK Il proteins in cytoplasm to maintain the structural and functional integrity of cells. Under the pathological circumstances, such
as a strong or persistent electrical stimulation, ischemia and hypoxia, acute severe CO poisoning, NMDARs were completely activated, and the overexpressions of
calpain 1 and CaMK Il proteins in cytoplasm induced by calcium overload were rush into nucleus, thus participated in the process of LTP and apoptosis or necrosis.

treatment can efficiently improve learning and memory function,
maintain the structure integrity of hippocampal neurons,
inhibit the expressions of memory-related proteins, thereby
preventing rats from cognitive impairment after exposure to
CO. The neuroprotective effect of NBP is involved in the
down-regulation of both calpain 1 and CaMK II expression.
Early application of NBP may be more conducive to the
resumption of cognitive function in patients with acute CO
poisoning.

CONCLUSION

Based on these findings, we inferred that NBP treatment
could improve the ultrastructure and cognitive function of
hippocampus in rats with CO poisoning, which is associated
with the down-regulation of both calpain 1 and CaMK II
proteins.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: QL and D-DG.

Performed the experiments: X-NS, X-YD, Y-HZ, and
BL. Analyzed the data: M-JB and YZ. Contributed
reagents/materials/analysis tools: M-JB. Wrote the paper:
QL and D-DG.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (NO: 81571283), the Traditional Chinese
Medicine Science and Technology Development Project in
Shandong (NO: 2015-420) and the Medical and Health
Development Project Grants in Shandong (NO: 2014WS0248).
The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Frontiers in Pharmacology | www.frontiersin.org

February 2017 | Volume 8 | Article 64


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Bi et al.

NBP Treatment Improves Cognitive Function

REFERENCES

Ashpole, N. M., and Hudmon, A. (2011). Excitotoxic neuroprotection and
vulnerability with CaMK inhibition. Mol. Cell. Neurosci. 46, 720-730. doi: 10.
1016/j.mcn.2011.02.003

Bi, M., Zhang, M., Guo, D., Bi, W, Liu, B., Zou, Y, et al. (2016). N-Butylphthalide
alleviates blood-brain barrier impairment of rats exposed to carbon monoxide.
Front. Pharmacol. 7:394. doi: 10.3389/fphar.2016.00394

Chang, C. C., Chang, W. N,, Lui, C. C., Wang, J. J., Chen, C. F, Lee, Y. C,, et al.
(2010). Longitudinal study of carbon monoxide intoxication by diffusion tensor
imaging with neurospsychiatric correlation. J. Psychiatry Neurosci. 35, 115-125.
doi: 10.1503/jpn.090057

Chen, N. C,, Chang, W. N,, Lui, C. C,, Huang, S. H,, Lee, C. C,, Huang, C. W,,
et al. (2013). Detection of gray matter damage using brain MRI and SPECT
in carbon monoxide intoxication: a comparison study with neuropsychological
correlation. Clin. Nucl. Med. 38, e53-e59. doi: 10.1097/RLU.0b013e31827082a7

Chimura, T., Launey, T., and Yoshida, N. (2015). Calpain-mediated degradation
of drebrin by excitotoxicity in vitro and in vivo. PLoS ONE 10:¢0125119. doi:
10.1371/journal.pone.0125119

Choi, L. S. (2002). Parkinsonism after carbon monoxide poisoning. Eur. Neurol. 48,
30-33. doi: 10.1159/000064954

Diao, X., Pang, X., Xie, C., Guo, Z., Zhong, D., and Chen, X. (2014). Bioactivation
of 3-n-butylphthalide via sulfation of its major metabolite 3-hydroxy-NBP:
mediated mainly by sulfotransferase 1A1. Drug Metab. Dispos. 42, 774-781.
doi: 10.1124/dmd.113.056218

Fa, M., Zhang, H., Staniszewski, A., Saeed, F., Shen, L. W., Schiefer, I. T,
et al. (2015). Novel selective calpain 1 inhibitors as potential therapeutics in
Alzheimer’s disease. J. Alzheimers Dis. 49, 707-721. doi: 10.3233/JAD-150618

Geraldo, A. F., Silva, C., Neutel, D., Neto, L. L., and Albuquerque, L. (2014).
Delayed leukoencephalopathy after acute carbon monoxide intoxication.
J. Radiol. Case Rep. 8, 1-8. doi: 10.3941/jrcr.v8i5.1721

Giese, K. P., Fedorov, N. B., Filipkowski, R. K., and Silva, A. J. (1998).
Autophosphorylation at Thr286 of the alpha calcium- calmodulin kinase II in
LTP and learning. Science 279, 870-873. doi: 10.1126/science.279.5352.870

Gurkoff, G., Shahlaie, K., Lyeth, B., and Berman, R. (2013). Voltage-gated calcium
channel antagonists and traumatic brain injury. Gene Pharmaceuticals (Basel.)
6, 788-812. doi: 10.3390/ph6070788

Han, S. T., Bhopale, V. M., and Thom, S. R. (2007). Xanthine oxidoreductase
and neurological sequelae of carbon monoxide poisoning. Toxicol. Lett. 170,
111-115. doi: 10.1016/j.toxlet.2007.02.006

Kadivar, M., Farahmandfar, M., Ranjbar, F. E,, and Zarrindast, M. R. (2014).
Increased calcium/ calmodulin-dependent protein kinase II activity by
morphine- sensitization in rat hippocampus. Behav. Brain Res. 267, 74-82.
doi: 10.1016/j.bbr.2014.03.035

Kim, H., Chen, L., Lim, G., Sung, B., Wang, S., McCabe, M. F.,, et al. (2012).
Brain indoleamine 2,3-dioxygenase contributes to the comorbidity of pain and
depression. J. Clin. Invest. 122, 2940-2954. doi: 10.1172/JC161884

Lakhani, R., and Bleach, N. (2010). Carbon monoxide poisoning: an unusual cause
of dizziness. J. Laryngol. Otol. 124, 1-3. doi: 10.1017/S0022215110000800

Lalanza, J. F., Sanchez-Roige, S., Cigarroa, I., Gagliano, H., Fuentes, S., Armario, A.,

et al. (2015). Long-term moderate treadmill exercise promotes stress-coping

strategies in male and female rats. Sci. Rep. 5:16166. doi: 10.1038/srep16166

J., Zhang, S., Zhang, L., Wang, R., and Wang, M. (2015). Effects of L-3-n-

butylphthalide on cognitive dysfunction and NR2B expression in hippocampus

of streptozotocin (STZ)-induced diabetic rats. Cell. Biochem. Biophys. 71, 315-

322. doi: 10.1007/s12013-014-0200-5

Li, J. M,, Li, Y., Ogle, M., Zhou, X., Song, M., Yu, S. P, et al. (2010). DI-3-n-
butylphthalide prevents neuronal cell death after focal cerebral ischemia in mice
via the JNK pathway. Brain Res. 1359, 216-226. doi: 10.1016/j.brainres.2010.08.
061

Li, Q., Bi, M. ], Bi, W. K,, Kang, H., Yan, L. J., and Guo, Y. L. (2016). Edaravone
attenuates brain damage in rats after acute CO poisoning through inhibiting
apoptosis and oxidative stress. Environ. Toxicol. 31, 372-379. doi: 10.1002/tox.
22052

Li, Q., Cheng, Y., Bi, M,, Lin, H.,, Chen, Y., Zou, Y., et al. (2015). Effects of
N-butylphthalide on the activation of Keap1/Nrf-2 signal pathway in rats after
carbon monoxide poisoning. Environ. Toxicol. Pharmacol. 1, 22-29. doi: 10.
1016/j.etap.2015.05.009

Li

=

Liu, W. C, Yang, S. N, Wu, C. W,, Chen, L. W,, and Chan, J. Y. (2016).
Hyperbaric oxygen therapy alleviates carbon monoxide poisoning-induced
delayed memory impairment by preserving brain-derived neurotrophic factor-
dependent hippocampal geurogenesis. Crit. Care Med. 44, e25-¢39. doi: 10.
1097/CCM.0000000000001299

Liu, Y., Sun, J., Wang, Y., Lopez, D., Tran, J., Bi, X,, et al. (2016). Deleting
both PHLPP1 and CANPI1 rescues impairments in long-term potentiation and
learning in both single knockout mice. Learn. Mem. 23, 399-404. doi: 10.1101/
1m.042721.116

Malik, B. R., and Hodge, J. J. (2014). CASK and CamKII function in Drosophila
memory. Front. Neurosci. 8:178. doi: 10.3389/fnins.2014.00178

Martinez-Cerdefio, V., and Noctor, S. C. (2014). Cajal, Retzius, and Cajal-Retzius
cells. Front. Neuroanat. 8:48. doi: 10.3389/fnana.2014.00048

Martuscello, R. T., Spengler, R. N., Bonoiu, A. C., Davidson, B. A., Helinski, J.,
Ding, H., et al. (2012). Increasing TNF levels solely in the rat hippocampus
produces persistent pain-like symptoms. Pain 153, 1871-1882. doi: 10.1016/j.
Ppain.2012.05.028

Mayford, M., Wang, J., Kandel, E. R., and O’Dell, T. J. (1995). CaMKII regulates
the frequency response function of hippocampal synapses for the production of
both LTD and LTP. Cell 81, 891-904. doi: 10.1016/0092-8674(95)90009-8

Min, J. J., Huo, X. L., Xiang, L. Y., Qin, Y. Q., Chai, K. Q., Wu, B, et al
(2014). Protective effect of DI-3n-butylphthalide on learning and memory
impairment induced by chronic intermittent hypoxia-hypercapnia exposure.
Sci. Rep. 4:5555. doi: 10.1038/srep05555

Nimmrich, V., and Eckert, A. (2013). Calcium channel blockers and dementia. Br.
J. Pharmacol. 169, 1203-1210. doi: 10.1111/bph.12240

Omaye, S. T. (2002). Metabolic modulation of carbon monoxide toxicity.
Toxicology 180, 139-150. doi: 10.1016/S0300-483X(02)00387-6

Peterson, V. L., McCool, B. A., and Hamilton, D. A. (2015). Effects of ethanol
exposure and withdrawal on dendritic morphology and spine density in the
nucleus accumbens core and shell. Brain Res. 1594, 125-135. doi: 10.1016/j.
brainres.2014.10.036

Rio-Alamos, C., Oliveras, 1., Cafete, T., Blizquez, G., Martinez-Membrives, E.,
Tobefia, A., et al. (2015). Neonatal handling decreases unconditioned anxiety,
conditioned fear, and improves two-way avoidance acquisition: a study with
the inbred Roman high (RHA-I)- and low-avoidance (RLA-I) rats of both sexes.
Front. Behav. Neurosci. 9:174. doi: 10.3389/fnbeh.2015.00174

Ruth-Sahd, L. A., Zulkosky, K., and Fetter, M. E. (2011). Carbon monoxide
poisoning: case studies and review. Dimens. Crit. Care Nurs. 30, 303-314.
doi: 10.1097/DCC.0b013e31822{b017

Schinazi, V. R., Nardi, D., Newcombe, N. S., Shipley, T. F., and Epstein, R. A.
(2013). Hippocampal size predicts rapid learning of a cognitive map in humans.
Hippocampus 23, 515-528. doi: 10.1002/hipo.22111

Seinfeld, J., Baudry, N., Xu, X., Bi, X., and Baudry, M. (2016). Differential activation
of calpain-1 and calpain-2 following kainate-induced seizure activity in rats
and mice. eNeuro 3:ENEURO.88-ENEURO.15. doi: 10.1523/ENEURO.0088-
15.2016

Thompson, J., Hu, Y., Lesnefsky, E. J., and Chen, Q. (2016). Activation of
mitochondrial calpain and increased cardiac injury: beyond AIF release. Am. J.
Physiol. Heart Circ. Physiol. 310, H376-H384. doi: 10.1152/ajpheart.00748.2015

Ueno, Y., Zhang, N., Miyamoto, N., Tanaka, R., Hattori, N., and Urabe, T. (2009).
Edaravone attenuates white matter lesions through endothelial protection in a
rat chronic hypoperfusion model. Neuroscience 162, 317-327. doi: 10.1016/j.
neuroscience.2009.04.065

Wang, N., Kang, H. S., Khan, S. A., Ahmmed, G., Makarenko, V. V., Prabhakar,
N. R, etal. (2016). Calpain activation by ROS mediates human ether-a-go-go-
related gene protein degradation by intermittent hypoxia. Am. J. Physiol. Cell.
Physiol. 310:C329-C336. doi: 10.1152/ajpcell.00231.2015

Wang, Y., Briz, V., Chishti, A., Bi, X., and Baudry, M. (2013). Distinct roles for
p-calpain and m-calpain in synaptic NMDAR-mediated neuroprotection and
extrasynaptic NMDAR-mediated neurodegeneration. J. Neurosci. 33, 18880-
18892. doi: 10.1523/J]NEUROSCI.3293-13.2013

Wang, Y. G, Li, Y, Wang, C. Y, Ai, J. W, Dong, X. Y., Huang,
H. Y, et al. (2014). L-3-n-Butylphthalide protects rats’ cardiomyocytes
from ischaemia/reperfusion-induced apoptosis by affecting the mitochondrial
apoptosis pathway. Acta. Physiol. (Oxf.) 210, 524-533. doi: 10.1111/apha.12186

Woodard, J. L., Sugarman, M. A., Nielson, K. A., Smith, J. C., Seidenberg, M.,
Durgerian, S., et al. (2012). Lifestyle and genetic contributions to cognitive

Frontiers in Pharmacology | www.frontiersin.org

February 2017 | Volume 8 | Article 64


https://doi.org/10.1016/j.mcn.2011.02.003
https://doi.org/10.1016/j.mcn.2011.02.003
https://doi.org/10.3389/fphar.2016.00394
https://doi.org/10.1503/jpn.090057
https://doi.org/10.1097/RLU.0b013e31827082a7
https://doi.org/10.1371/journal.pone.0125119
https://doi.org/10.1371/journal.pone.0125119
https://doi.org/10.1159/000064954
https://doi.org/10.1124/dmd.113.056218
https://doi.org/10.3233/JAD-150618
https://doi.org/10.3941/jrcr.v8i5.1721
https://doi.org/10.1126/science.279.5352.870
https://doi.org/10.3390/ph6070788
https://doi.org/10.1016/j.toxlet.2007.02.006
https://doi.org/10.1016/j.bbr.2014.03.035
https://doi.org/10.1172/JCI61884
https://doi.org/10.1017/S0022215110000800
https://doi.org/10.1038/srep16166
https://doi.org/10.1007/s12013-014-0200-5
https://doi.org/10.1016/j.brainres.2010.08.061
https://doi.org/10.1016/j.brainres.2010.08.061
https://doi.org/10.1002/tox.22052
https://doi.org/10.1002/tox.22052
https://doi.org/10.1016/j.etap.2015.05.009
https://doi.org/10.1016/j.etap.2015.05.009
https://doi.org/10.1097/CCM.0000000000001299
https://doi.org/10.1097/CCM.0000000000001299
https://doi.org/10.1101/lm.042721.116
https://doi.org/10.1101/lm.042721.116
https://doi.org/10.3389/fnins.2014.00178
https://doi.org/10.3389/fnana.2014.00048
https://doi.org/10.1016/j.pain.2012.05.028
https://doi.org/10.1016/j.pain.2012.05.028
https://doi.org/10.1016/0092-8674(95)90009-8
https://doi.org/10.1038/srep05555
https://doi.org/10.1111/bph.12240
https://doi.org/10.1016/S0300-483X(02)00387-6
https://doi.org/10.1016/j.brainres.2014.10.036
https://doi.org/10.1016/j.brainres.2014.10.036
https://doi.org/10.3389/fnbeh.2015.00174
https://doi.org/10.1097/DCC.0b013e31822fb017
https://doi.org/10.1002/hipo.22111
https://doi.org/10.1523/ENEURO.0088-15.2016
https://doi.org/10.1523/ENEURO.0088-15.2016
https://doi.org/10.1152/ajpheart.00748.2015
https://doi.org/10.1016/j.neuroscience.2009.04.065
https://doi.org/10.1016/j.neuroscience.2009.04.065
https://doi.org/10.1152/ajpcell.00231.2015
https://doi.org/10.1523/JNEUROSCI.3293-13.2013
https://doi.org/10.1111/apha.12186
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Bi et al.

NBP Treatment Improves Cognitive Function

decline and hippocampal integrity in healthy aging. Curr. Alzheimer Res. 9,
436-446. doi: 10.2174/156720512800492477

Wright, J. (2002). Chronic and occult carbon monoxide poisoning: we don’t know
what we're missing. Emerg. Med. ]. 19, 386-390. doi: 10.1136/em;.19.5.386

Xiong, N., Huang, J., Chen, C., Zhao, Y., Zhang, Z, Jia, M., et al. (2012). DI-3-n-
butylphthalide, a natural antioxidant, protects dopamine neurons in rotenone
models for Parkinson’s disease. Neurobiol. Aging 33, 1777-1791. doi: 10.1016/].
neurobiolaging.2011.03.007

Yogaratnam, J., Hariramm, J., Lee, D. S. F.,, Chua, S. P., Kim, J., Sengupta, S.,
etal. (2011). Delayed neuropsychiatric sequelae and recovery following carbon
monoxide poisoning. Ann. Acad. Med. Singapore 40, 516-517.

Zhu, M. X,, Lu, C., Xia, C. M., Qiao, Z. W., and Zhu, D. N. (2014). Simvastatin
pretreatment protects cerebrum from neuronal injury by decreasing the
expressions of phosphor-CaMK II and AQP4 in ischemic stroke rats. J. Mol.
Neurosci. 54, 591-601. doi: 10.1007/s12031-014-0307-6

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer YG declared a shared affiliation, though no other collaboration, with
the authors to the handling Editor, who ensured that the process nevertheless met
the standards of a fair and objective review.

Copyright © 2017 Bi, Sun, Zou, Ding, Liu, Zhang, Guo and Li. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org

87

February 2017 | Volume 8 | Article 64


https://doi.org/10.2174/156720512800492477
https://doi.org/10.1136/emj.19.5.386
https://doi.org/10.1016/j.neurobiolaging.2011.03.007
https://doi.org/10.1016/j.neurobiolaging.2011.03.007
https://doi.org/10.1007/s12031-014-0307-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

',\' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 27 February 2017
doi: 10.3389/fphar.2017.00093

OPEN ACCESS

Edited by:
Arjan Blokland,
Maastricht University, Netherlands

Reviewed by:

Glenn W. Stevenson,

University of New England, USA
Ledia F. Hernandez,

CINAC and Hospital Universitario HM
Puerta Del Sur, Spain

*Correspondence:
Carlos Tomaz
ctomaz@ceuma.br

Specialty section:

This article was submitted to
Neuropharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 05 December 2016
Accepted: 13 February 2017
Published: 27 February 2017

Citation:

Saletti PG, Maior RS, Barros M,
Nishijjo H and Tomaz C (2017)
Cannabidiol Affects MK-801-Induced
Changes in the PPI Learned
Response of Capuchin Monkeys
(Sapajus spp.).

Front. Pharmacol. 8:93.

doi: 10.3389/fohar.2017.00093

Check for
updates

Cannabidiol Affects MK-801-Induced
Changes in the PPI Learned
Response of Capuchin Monkeys
(Sapajus spp.)

Patricia G. Saletti’, Rafael S. Maior'2, Marilia Barros?, Hisao Nishijo* and
Carlos Tomaz5*

! Primate Center and Laboratory of Neurosciences and Behavior, Department of Physiological Sciences, Institute of Biology,
University of Brasilia, Brasilia, Brazil, ? Department of Clinical Neuroscience, Psychiatry Section, Karolinska Institutet,
Karolinska University Hospital, Stockholm, Sweden, ° Department of Pharmaceutical Sciences, School of Health Sciences,
University of Brasilia, Brasilia, Brazil, * System Emotional Science, Graduate School of Medicine and Pharmaceutical
Sciences, University of Toyama, Toyama, Japan, ° Neuroscience Research Group, University CEUMA, S&o Luis, Brazil

There are several lines of evidence indicating a possible therapeutic action of cannabidiol
(CBD) in schizophrenia treatment. Studies with rodents have demonstrated that CBD
reverses MK-801 effects in prepulse inhibition (PPI) disruption, which may indicate
that CBD acts by improving sensorimotor gating deficits. In the present study, we
investigated the effects of CBD on a PPI learned response of capuchin monkeys
(Sapajus spp.). A total of seven monkeys were employed in this study. In Experiment
1, we evaluated the CBD (doses of 15, 30, 60 mg/kg, i.p.) effects on PPI. In Experiment
2, the effects of sub-chronic MK-801 (0.02 mg/kg, i.m.) on PPI were challenged by
a CBD pre-treatment. No changes in PPI response were observed after CBD-alone
administration. However, MK-801 increased the PPI response of our animals. CBD
pre-treatment blocked the PPI increase induced by MK-801. Our findings suggest that
CBD’s reversal of the MK-801 effects on PPl is unlikely to stem from a direct involvement
on sensorimotor mechanisms, but may possibly reflect its anxiolytic properties.

Keywords: cannabidiol (CBD), MK-801, monkey, prepulse inhibition, learning, memory

INTRODUCTION

Cannabidiol (CBD) is one of the several compounds extracted from the Cannabis plant reported
to have different therapeutic applications (Baker et al,, 2003). These seem to include general
systemic anti-inflammatory (Mechoulam et al., 2002; Vilela et al., 2015) and antioxidant properties
(Hampson et al., 1998), as well as more specific effects in different neurological disorders, such as
epilepsy (Mechoulam et al., 2002), anxiety (Zuardi et al., 1982; Campos and Guimaraes, 2008), and
schizophrenia (Zuardi et al., 1991; Leweke et al., 2012).

The antipsychotic effects, in particular, may result from the antagonistic action of CBD on
cannabinoid type 1 (CB1) and 2 receptors (CB2; Thomas et al., 2007). Zuardi et al. (2012)
suggested, however, that an interaction between CBD and anandamide is essential for the
psychoactive effect, considering that CBD also increases the availability of this endocannabinoid
via a reuptake inhibition mechanism (Mechoulam et al., 2002). The antipsychotic properties of
CBD have also been linked to changes in glutamate signaling that results from the activation of the
vanilloid TRPV type 1 receptor system. Anandamide (Di Marzo et al., 2001) and CBD (Cristino
et al., 2006) are both known TRPV1 receptor ligands, and the pre-synaptic activation of this
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system increases the release of glutamate in psychosis-related
areas of the brain (Xing and Li, 2007). Furthermore, CBD is
reported to reverse the prepulse inhibition (PPI) disruption
induced by the non-competitive glutamate NMDA receptor
antagonist dizocilpine (MK-801) in murine models (Long et al,,
2006; Gomes et al, 2014; Levin et al., 2014; however, see
Gururajan et al., 2011), with this effect being antagonized by the
TRPV1 receptor antagonist capsazepine (Long et al., 2006).

In fact, MK-801 has become a frequently used
pharmacological tool to induce schizophrenic-like symptoms in
pre-clinical experimental setups (Arai et al., 2008; Park et al.,
2014; Saletti et al., 2015). Schizophrenic patients commonly
demonstrate significant deficits in sensorimotor gating (Braff
et al., 2001). This dissociative anesthetic is also reported to
disrupt the PPI responding of rodents (Hoffman et al., 1993),
as well as to induce cognitive (Hikichi et al., 2013; Karamihalev
et al., 2014) and social recognition deficits (Yoshimi et al.,
2015) and hyperlocomotion (Park et al,, 2014; Basurto et al.,
2015). However, to our knowledge, the effects of CBD on
the PPI response of non-human primates (NHP) have yet to
be assessed. It is known that manipulations of learning and
memory-related areas, such as the hippocampus, can alter PPI
responding (Kohl et al., 2013). Compared to rodents, NHPs have
a distinct motor response to cannabinoid-related substances
(Meschler et al., 2001) and display higher CB1 receptor densities
in memory-related areas (Ong and Mackie, 1999). So, here we
first analyzed the effects of CBD directly on the PPI response of
capuchin monkeys and then evaluated the influence of a CBD
pre-treatment on repeated MK-801-induced changes in the same
PPI test.

MATERIALS AND METHODS

Ethics Statement

All the procedures herein complied with the Brazilian regulations
for the scientific use of laboratory animals (Lei Arouca
11.794/2008), as well as the CONCEA/Brazil and NIH/USA
guidelines for the care and use of laboratory animals, and were
approved by the Animal Ethics Committee of the University of
Brasilia (no. 131791/2013).

Subjects and General Housing
Conditions

In total, seven capuchin monkeys (Sapajus spp.) were used, one
male and six females, weighing between 2.5 and 5.0 kg at the
beginning of the study. All subjects were housed and tested at
the Primate Center of the University of Brasilia, Brazil. They
were group or paired-housed under natural light, temperature
and humidity conditions in standard cages (3 m x 3 m x 1.8 m)
containing rope swings, nest boxes and natural substrate on the
floor. Fresh food was provided daily at 07:00 h, consisting of a
mixture of pieces of fruits and vegetables. Boiled eggs, nuts and
cooked chicken breast were given several times a week, also at
07:00 h. Unconsumed items were removed at 17:00 h, while water
and chow were available ad libitum.

Housing and maintenance conditions complied with the
regulations of the Brazilian National Institute of Environment
and Renewable Natural Resources (IBAMA). The animals were
only deprived of food and water during the specific trials
indicated in the procedure below. All subjects used had previous
experience with the PPI protocol (Saletti et al., 2014).

Startle Measurement and General

Procedure

Prepulse inhibition testing was performed in a transparent acrylic
chamber (60 cm x 30 cm x 30 cm) placed above a wooden
box (45 cm x 40 cm X 40 cm). Each subject was placed inside
this chamber in such a way that its head protruded through an
adjustable central neck hole located at the top. A transparent
acrylic device (30 cm x 30 cm X 25 cm) was placed directly
on top of the chamber, encompassing the subject’s head. This
device contained three speakers (model FT96H- frequency band
4 KHz~30 KHz; Fostex, Japan), each located 10 cm from the
monkey’s head and connected to a sound generator (O’'Hara &
Co., Ltd., Japan). One speaker was positioned on each side of the
animal’s head and generated the startle stimuli. The third speaker
was placed at the back of the device and emitted a constant
65dB white noise. An accelerometer (model BDK3; Inntechno
Japan Co.Ltd., Japan), connected to an amplifier (O’Hara & Co.,
Ltd., Japan), was placed at the bottom of the chamber. When
the subject was inside the chamber it stood on the accelerometer
platform. The accelerometer captured the animal’s whole-body
movement and transmitted the data to be recorded on the Animal
Startle software (PCI 6024E, developed by O’Hara & Co., Ltd.,
Japan) that interfaced with the Windows XP system (for details
see Saletti et al., 2014). A video camera (model #1004124; Clone,
Brazil) was connected to this experimental setup and monitored
the animal during each session.

Testing was conducted 5 days a week, between 8:00 and
12:00 h, in an acoustically isolated room located near the
monkeys’ home-cage. After a 10 min acclimatization period to the
test room and setup described above, PPI testing was conducted.
It consisted of 10 consecutive blocks of stimuli presentation, held
at 60 s intervals. During each block, three different stimuli were
randomly presented, also at 60 s intervals: a 115 dB pulse of
40 ms duration, an 80 dB prepulse of 20 ms duration and a
prepulse-pulse combination with a 120 ms interval between the
prepulse and pulse presentation. Stimuli intensity and duration
were based on previous studies (Saletti et al., 2014, 2015). The
startle response was recorded by the Animal Startle software
system that measured the animals’ body movements through
changes in force detected by the accelerometer. The animals’
body movements were recorded during a 600 ms post-stimuli
interval and the peak amplitude registered following the pulse or
prepulse+pulse stimulus of each trial was recorded as the startle
amplitude.

Experiment 1: Effects of CBD Treatment

on PPI

In the first experiment, CBD (0, 15, 30, and 60 mg/kg; volume
of 1 mL/kg; STI Pharm, UK) was dissolved in a 1:19 solution of
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Tween 80 (Sigma-Aldrich, Brazil) and 0.9% saline, respectively.
Doses were based on previous studies in rodents (Moreira and
Guimaraes, 2005; Almeida et al, 2013; Levin et al, 2014).
For the safety of the personnel involved and to insure correct
intraperitoneal (ip) administrations, all animals were briefly
exposed to the anesthetic isoflurane via inhalation, yet an effective
anesthesia stage was never really attained.

All subjects were initially tested with vehicle and then treated
with the three doses of CBD. Only one treatment was given on
each test day, with a 2-week interval between trials. The order in
which the three CBD doses were given was randomly assigned
for each animal. Each subject received the vehicle injection or a
CDB dose and was then placed in the test chamber. After a 30 min
interval, it was submitted to the PPI test procedure described
above. Two females were excluded from the analyses due to data
recording problems, totalizing five animals in experiment 1 (one
male and four females).

Experiment 2: Effects of CBD
Pre-treatment Following Repeated
MK-801 Treatment

In this second experiment, the same seven monkeys were tested
4 months after the previous study. MK-801 (0.02 mg/kg; Sigma-
Aldrich, Brazil) and CBD (60 mg/kg; STI Pharm, UK) were both
dissolved in a 1:19 solution of Tween 80 (Sigma-Aldrich, Brazil)
and 0.9% saline, respectively. The former was administered
intramuscularly (im), whereas CBD was again given via ip route.
The injection volume of both substances was 1 ml/kg. The MK-
801 dose was based on our previous study (Saletti et al., 2015).
Each animal was given a MK-801 injection, once a week,
during three consecutive weeks. Twenty minutes after each
injection, the subject was tested in the same PPI procedure
described above. On the 4th week of testing, each monkey was
pre-treated with CBD and then 10 min later it received a MK-
801 treatment. PPI testing was once again held 20 min after
the MK-801 administration. Two weeks later, each animal was
injected with vehicle and following a 20 min interval tested in

the PPI protocol (VEH 2). To control for a habituation effect
due to repeated testing, and considering that the same monkeys
were used in both experiments, data from the vehicle trial of
Experiment 1 were used as a second control session in this study
(VEH 1).

Behavioral and Statistical Analysis

Data were expressed as the mean startle response or percentage
of PPI + standard error of the mean (+S.E.M.). The data were
normalized using the following calculation of the percentage of
inhibition (Saletti et al., 2014, 2015):

100(p — pp)
p

where p corresponds to the pulse-alone startle response and pp to
the prepulse+pulse response.

The data were normally distributed, according to the
Shapiro-Wilk test. To establish a possible between-treatment
effect (vehicle, MK-801 and CBD+MK-801) on the capuchins’
startle amplitude and percentage of PPI, data from each
experiment were analyzed using a one-way ANOVA for repeated
measures (pulse and prepulse+pulse trials were analyzed
separately). Whenever significant results were obtained, Fisher’s
LSD post hoc test was used for pair-wise comparison across
treatments. Significance level for all tests was set at p < 0.05.
For Shapiro-Wilk and ANOVA analysis we used the IBM
SPSS® version 20 software. For comparisons with p < 0.05, we
also calculated the effect sizes (effsize) using Matlab software®
(version R2013a).

(1)

RESULTS

Experiment 1: Effects of CBD Treatment
on PPI

In terms of the startle amplitude, a significant between-treatment
effect was not observed for either the pulse (F3 1, = 0.566,
p = 0.648; Figure 1A) or prepulse+pulse trials (F3 12 = 1,375;
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vehicle (VEH) and the three CBD treatments (15, 30, and 60 mg/kg).

FIGURE 1 | (A) Mean (+SEM) startle amplitude of the capuchin monkeys (1 = 5) in the pulse (black bars) and prepulse-pulse trials (gray bars) following the vehicle
(VEH) and the three CBD treatments (15, 30, and 60 mg/kg). (B) Mean (+SEM) percentage of prepulse inhibition (PPI) of the capuchin monkeys (n = 5) following the
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p = 0.297; Figure 1A), with the subjects’ response remaining
constant regardless of the treatment received. A similar profile
was seen for the percentage of PPI when analyzing the data
according to the treatment received (F3 12, = 0.368, p = 0.778;
Figure 1B) and over the course of the weeks of the experiment,
regardless of the specific treatment received (F3,12 = 1.283,
p = 0.325; Figure 2).

Experiment 2: Effects of CBD
Pre-treatment on MK-801-Induced

Changes in PPI

Among the different pulse (Fs 39 1.270, p 0.303;
Figure 3) or prepulse+pulse trials (Fs 30 1.800, p = 0.143;
Figure 3), significant differences were not observed. However,
the percentage of PPI differed significantly between treatments
(Fs30 = 4.052, p = 0.006; Figure 4). This parameter was
significantly higher following all three MK-801 administrations,
compared to the first vehicle administration [vs. MK-801(1):
p 0.009, effsize 1.498; vs. MK-801(2): p 0.026,
effsize = 0.983; vs. MK-801(3): p = 0.005, effsize 1.743].
The percentage of PPI after the CDB4+MK-801 treatment was
significantly lower than on the trials with only MK-801(1) and
MK-801(3), being similar to the levels seen following both vehicle
injections [vs. VEH 1: p = 0.183; vs. MK-801(1): p = 0.02,
effsize = 0.718; vs. MK-801(2): p = 0.512; vs. MK-801(3):
p =0.013, effsize = 0.878; vs. VEH 2: p = 0.954].

DISCUSSION

CBD on Monkey PPI

The results from Experiment 1 indicated that the CBD
administration alone had no effect on the capuchin monkeys’
startle amplitude or PPI response. Although to our knowledge
this is the first study to evaluate such aspect in NHPs, similar
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FIGURE 2 | Mean (+SEM) percentage of PPI of the capuchin monkeys
(n = 5) according to the week of Experiment 1, regardless of the CBD
dose received; VEH, vehicle.
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after vehicle administration (VEH 1), the injections of MK-801 (1-3)
held once a week during three consecutive weeks, the CDB
pre-treatment followed by a MK-801 treatment (CBD+MK801) held on
the 4th week, and the second vehicle administration (VEH 2)
performed on the 6th week. Except for VEH 1, held during Experiment 1, all
other data were recorded during Experiment 2.
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FIGURE 4 | Mean (+SEM) percentage of PPI of the capuchin monkeys
(n = 7) following the vehicle administration (VEH 1), the injections of
MK-801 (1-3) held once a week during three consecutive weeks, the
CDB pre-treatment followed by a MK-801 treatment (CBD+MK801)
held on the 4th week, and the second vehicle administration (VEH 2)
performed on the 6th week. Except for VEH 1, held during Experiment 1, all
other data were obtained during Experiment 2. *p < 0.05 vs. VEH 1;

#p < 0.05 vs. CBD+MK-801.

results have been observed in rodents (Long et al., 2006; Gomes
et al., 2014; Levin et al., 2014; Pedrazzi et al.,, 2015). Long et al.
(2006) and Gururajan et al. (2011) reported, however, that a
systemic administration of CBD altered the startle response of
rodents. In this case, the percentage of PPI decreased following
a 10 mg/kg dose of CBD, whereas 3 and 30 mg/kg had no effect.
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This discrepancy may be partly due to species-specific
differences, as the CB1 receptor density of rodents and primates
differs in certain regions of the brain (Ong and Mackie, 1999), as
well as their motor response to cannabinoid-related substances
(Meschler et al., 2001). Important methodological aspects may
also have contributed. Due to ethical restrictions and reduced
sample size in monkey research, our subjects were submitted to
the PPI procedure in a repeated-exposure design. Nonetheless, a
temporal or drug-training effect does not seem to have influenced
the present result as the percentage of PPI remained constant
over the course of the procedure, regardless of the specific CBD
treatment given. Thus, our results in capuchins suggest that CB1
receptor antagonism may have no effect on sensorimotor gating
mechanisms.

CBD Pre-treatment on MK-801 Induced

PPl Enhancement

MK-801 has been shown to induce schizophrenic-like behaviors
in monkeys, such as deficits in memory-related processing
(Ogura and Aigner, 1993; Buffalo et al, 1994; Harder et al,
1998; Harder and Ridley, 2000; Tsukada et al., 2005; Wang
et al., 2012) and more recently in changes in PPI responding
(Saletti et al., 2015). Although an acute 0.03 mg/kg dose of MK-
801 decreased the PPI of capuchin monkeys, repeated testing
(with different doses) in the same setup diminished this effect
possibly due to drug-induced ataxia or tolerance (Saletti et al.,
2015).

In the present study, we opted to use a lower dose of MK-
801 to reduce such levels of ataxia. The 0.02 mg/kg dose was
used in a repeated administration regimen, thereby leading to
an increase in the monkeys percentage of PPL This result
differs from the MK-801-induced decrease in PPI reported in
rodents (Schulz et al., 2001; Gomes et al., 2014), considered to
be an indicator of a psychotic-like effect of this drug. It also
contrasts with the lack of effect observed for this dose in our
previous study using the same animals (Saletti et al., 2015).
In that instance, each subject received all possible treatments
only once (vehicle, 0.01, 0.02, and 0.03 mg/kg) in a pseudo-
randomized order, whereas only the 0.02 mg/kg dose was
presently given on three consecutive trials. Thus the present
increase in PPI, detected already on the first trial, seems unlikely
to be due to a habituation effect considering the 5-month
interval between the experiments, the similar PPI and startle
amplitude levels seen during the vehicle control trials of the
two studies (*55% and 6 points, respectively), and the response
stability seen on the last session of current study (VEH 2
vs. CBD+MKS801). Ketamine, another NMDA antagonist, is
also reported to increase the PPI response of healthy human
volunteers when using a brief inter-stimulus interval (Braff
et al,, 2001; Duncan et al., 2001). The use of higher doses in
rodents and distinct hippocampal NMDA receptor sensitivity
could be important aspects contributing to the discrepancies
between human and rodent PPI responding (Duncan et al,
2001). NMDA antagonists can block hippocampal long-term
potentiation, with this effect being modified by pre-training or
test familiarization through latent learning effect (Otnaess et al.,

1999; Ennaceur et al., 2011). The hippocampus is also known
to be responsable for PPI response modulation (Kohl et al.,
2013).

Interestingly, pre-treatment with CBD prevented the MK-801-
induced increase in the monkeys’ PPI. Considering the large
effect sizes values found (0.8 or more; Sullivan and Feinn, 2012),
we are able to conclude that the difference between the treatments
is expressive. Nonetheless, the effects induced by both MK-801
and CBD seem related to their anxiogenic and anxiolytic profiles,
respectively — an aspect that is highly relevant in the context of a
startle response. In mice, MK-801 is reported to increase anxiety
levels (Ennaceur et al., 2011), whereas CBD has been frequently
linked to anxiolysis (Zuardi et al., 1982; Guimaries et al., 1990;
Campos and Guimardes, 2008; Almeida et al., 2013). CBD seems
to activate serotoninergic 5-HT1A receptors (Russo et al., 2005;
Resstel et al., 2009; Soares et al., 2010; Gomes et al., 2011) and
attenuate cardiovascular and/or behavioral responses associated
with anxiety and panic in rats (Resstel et al., 2009; Soares et al.,
2010).

Although CBD has been reported to reverse the PPI disruption
induced by MK-801 (Long et al, 2006; Gomes et al., 2014)
and amphetamine in rodents (Pedrazzi et al., 2015), our present
results with capuchins fail to corroborate a possible anti-
psychotic effect for this compound in the context of sensorimotor
gating. In the presence of only MK-801, the startle amplitude
generally tended to decrease in the ‘pulse’ trials, yet increase in
‘prepulse+pulse’ trials. The latter, however, was also observed
with subsequent treatments (CBD+MK-801 and VEH 2). The
pre-treatment of the monkeys with CBD reversed this increase
tendency in startle amplitude in PPI, with no visible changes
in ‘pulse’ trials. Altogether, these results suggest that the CBD
effects on PPI are unlikely to stem from a direct involvement
in sensorimotor gating mechanisms. We suggest that the CBD-
induced reversal of the MK-801 effects may be related to their
anxiolytic and anxiogenic profiles, respectively (Zuardi et al,
1982; Ennaceur et al., 2011; Almeida et al., 2013), although this
aspect was not directly investigated in the present study. Further
studies are necessary to better elucidate the interplay between
anxiety and schizophrenia, as well as the potential use of CBD
as an antipsychotic drug, possibly using other NHP models as
well.

CONCLUSION

In the present study, CBD alone had no effect on the PPI response
of capuchin monkeys, yet blocked the increase in this response
that was induced by NMDA receptor antagonism (MK-801). This
effect may stem from a general anxiolytic rather than an anti-
psychotic effect, corroborating an anxiolytic profile of CBD in the
PPI paradigm.
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The non-selective muscarinic receptor antagonist scopolamine (SCP) induces memory
deficits in both animals and humans. However, few studies have assessed the effects
of amnesic agents on memory functions of marmosets — a small-bodied neotropical
primate that is becoming increasingly used as a translational model for several
neuropathologies. Here we assessed the effects of an acute SCP administration
(0.03 mg/kg, sc) on the behavior of adult marmoset monkeys in two tasks. In the
spontaneous object-location (SOL) recognition task, two identical neutral stimuli were
explored on the sample trial, after which preferential exploration of the displaced versus
the stationary object was analyzed on the test trial. In the fear-motivated behavior (FMB)
procedure, the same subjects were submitted to an initial baseline trial, followed by an
exposure period to a snake model and lastly a post-exposure trial. All trials and inter-
trial intervals lasted 10 min for both tests. Results showed that on the SOL test trial, the
saline group explored the displaced object significantly longer than its identical stationary
counterpart, whereas SCP-treated marmosets explored both objects equivalently. In the
FMB test, the saline group — but not the SCP-treated animals — spent significantly less
time where the stimulus had been specifically encountered and more time being vigilant
of their surroundings, compared to pre-exposure levels. Drug-related effects on general
activity, overall exploration (SOL task) and behavioral response to the aversive stimulus
(FMB task) were not observed. SCP thus impaired the marmosets’ short-term ability to
detect changes associated with the spatial location of ethologically irrelevant (SOL task)
and relevant stimuli (FMB task). Similar results have been reported in other animal
species. Marmosets may thus help reduce the translational gap between pre-clinical
studies and memory-associated human pathologies.

Keywords: marmoset, object location, recognition, snake, fear memory, scopolamine

INTRODUCTION

Over the years central cholinergic signaling has become increasingly implicated in different
learning and memory processes (Hasselmo and Sarter, 2011). In fact, the loss of specific basal
forebrain cholinergic input to the cortex is one of the pathogenic hallmarks of Alzheimer’s dementia
(Bartus, 2000), with a concomitant decline in cortical choline acetyltransferase (ChAT) activity
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also being correlated with cognitive dysfunction in different
human pathologies (e.g., dementias, Parkinson disease, brain
damage; Candy et al., 1983). In rodents and non-human primates
(NHPs), the use of excitotoxic (e.g., rodents: Baxter and Bucci,
2013; marmosets: Ridley et al., 1986; macaques: Aigner et al,
1991a) and more specific immunotoxic lesions (e.g., rodents:
Easton et al., 2011; marmosets: Ridley et al., 1999; macaques:
Turchi et al., 2005) of basal forebrain cholinergic projections
to the cortex disrupted several learning and memory processes.
When using this approach, the degree of the impairment can
vary significantly according to the specificity and extent of
the lesion and the type of cognitive task being assessed, with
the possible involvement of non-cholinergic afferents. However,
recent optogenetic-based studies have provided compelling
evidence in mice for a causal role of basal forebrain cholinergic
activity during visual discrimination tasks (Pinto et al., 2013).

The acetylcholine (ACh) muscarinic receptor blocker
scopolamine (SCP) is also reported to disrupt memory processes
in humans (Ebert and Kirch, 1998), whereas restoration of
transmitter functioning reverses this effect (i.e., cholinesterase
inhibitors; Roman and Rogers, 2004). There is also now
substantial evidence for its participation in memory-related
task performance of both rodents and NHPs (Klinkenberg and
Blokland, 2010; Robinson et al., 2011; Baxter and Bucci, 2013),
yielding similar results as those seen in lesion studies (Robinson
et al., 2011). In fact, SCP has become a frequently used pre-
clinical pharmacological tool to assess memory (dys)function
(Klinkenberg and Blokland, 2010).

Scopolamine administration, for example, can consistently
impair NHPs in delayed nonmatching-to-sample tasks (DNMS)
of visual recognition memory (e.g., Ridley et al., 1984b,a; Aigner
et al, 1991b). Although this task exploits their spontaneous
preference for novelty over familiarity, it requires pre-training
the monkey to learn response-reward associations and the
nonmatching to sample rule. Rodents, on the other hand, are
typically assessed in a simpler procedure requiring no prior
training or response reinforcement — the one-trial spontaneous
object recognition task and its several close variations (Dere
et al, 2007). Granted that this procedure also exploits their
novelty preference, its basis is the spontaneous explorative
behavior displayed during a choice trial that occurs after an
initial familiarization period. When treated with SCP, rodents
become unable to recognize familiar objects (reviewed in Dere
et al., 2007) or their associated spatial locations (Murai et al.,
2007; Pitsikas, 2007; Barker and Warburton, 2009; Schible et al.,
2012). Originally tested in rats by Ennaceur and Delacour (1988),
spontaneous recognition tasks have since been extended to other
animals (e.g., mice: Dere et al., 2005; dogs: Callahan et al., 2000;
pigs: Kornum et al., 2007), but to the best of our knowledge
still remain to be assessed in NHPs. The ability to recognize
whether an object has been encountered in the past is an
important element of our declarative memory and a function
that becomes impaired, for example, in patients with Alzheimer’s
disease (Purdy et al., 2002) or who have sustained brain injury
(Reed and Squire, 1997).

Cholinergic signaling also seems to play an important
modulatory role on fear memories, a type of associative learning

that has a high adaptive function against real and potential
threats (Tinsley et al, 2004). For instance, during contextual
conditioning, a neutral spatial location will come to evoke
fear-related behaviors after being associated with an inherently
fearful stimulus (Maren et al., 2013). In rodents, fear-conditioned
stimuli increased central ACh release (Acquas et al., 1996),
whereas SCP-treated animals performed poorly in conditioning
tasks (reviewed in Robinson et al., 2011; Wilson and Fadel,
2017). Research on fear memory in NHPs, however, has focused
mainly on elucidating the neuronal circuits involved in specific
behavioral tasks (fear-potentiated startle: Antoniadis et al,
2009; passive avoidance: Machado et al., 2009; cue-conditioning:
Agustin-Pavon et al, 2012). As fear memory processes seem
to be altered in several psychopathologies (i.e., posttraumatic
stress disorder and schizophrenia; Maren et al., 2013), as well
as Alzheimer’s disease and other related dementias (Hoefer
et al., 2008), new pharmacological-based studies in NHPs may
contribute to our current understanding on the neurochemical
aspects of learned fear.

The present experiments were thus designed to assess - in
both the presence and absence of an acute SCP administration -
the behavioral response of adult marmoset monkeys in a
spatial recognition memory task and a fear-motivated learning
procedure. The marmoset is a small-bodied, diurnal and arboreal
neotropical primate. Compared to most NHPs they have a rapid
reproductive turnover, shorter life-span, are easily captured and
handled, readily adapt to captive conditions and have lower
husbandry costs (reviewed in Barros and Tomaz, 2002). These
characteristics, along with the recent sequencing of the common
marmosets genome (Callithrix jacchus; reviewed in Ward and
Vallender, 2012) and development of transgenic individuals
(Sasaki et al., 2009) are making these simians an increasingly used
translational model of several neuropathologies (‘t Hart et al.,
2012). In fact, their small lissencephalic brains still retain a large
brain-to-body ratio, a well-defined temporal lobe, functional
divisions and connectivity of cortical areas, and structure-specific
adult neurogenesis similar to those of other anthropoids (e.g.,
macaques; Stephan et al., 1980; Newman et al., 2009; Burman
et al,, 2011; Marlatt et al., 2011). Normal adults display the same
cytochemical organization of basal forebrain cholinergic neurons
of other NHPs and humans, which differs significantly from that
of rats (Geula et al., 1993; Wu et al., 2000). Aged marmosets also
develop cortical deposits of the beta-amyloid protein typically
seen in Alzheimer’s dementia patients (Maclean et al., 2000;
Geula et al., 2002). Marmosets are capable of performing a
variety of memory-related tasks, yet only a few studies have
assessed the effects of amnesic agents in marmosets (Ridley et al.,
1984b,a; Carey et al., 1992; Harder et al.,, 1998; Spinelli et al.,
2006).

In the first experiment, we used the murine-based one-
trial spontaneous object-location (SOL) task (Ennaceur et al,
1997), while in the second experiment contextual fear learning
was induced by a snake-related stimulus. Marmosets are highly
visually oriented (Forster, 1995), readily attend to spatial
cues in their environment (Gaudio and Snowdon, 2008) and
react fearfully in response to snakes and related stimuli
(Barros et al., 2002).
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MATERIALS AND METHODS

Ethics Statement

This study was carried out in accordance with the
recommendations of the Brazilian regulations for the scientific
use of laboratory animals (Lei Arouca 11.794/2008), as well as
the CONCEA/Brazil and NIH/USA guidelines for care and use
of laboratory animals. All the procedures herein were approved
by the Animal Ethics Committee of the University of Brasilia
(no. 33002/2013).

Subjects and Housing Conditions

Nine adult black tufted-ear marmosets were used (Callithrix
penicillata; 5 males and 4 females), weighing 344 + 16 g
(mean + SEM; range: 285-460 g) at the beginning of the study.
Although the females’ estrous cycle was not controlled, none were
currently breeding or recently had infants. All subjects were pair-
housed at the Primate Center of the University of Brasilia under
natural light, temperature and humidity conditions in standard
home-cages of a same colony room. Not all cage-mates were
included in the present study due to other ongoing experiments.
The colony room consisted of two parallel rows of 12 cages each
2mx1mx2m W x L x H), separated by a common
wire-mesh enclosed central corridor. A roof covered this central
corridor and two-thirds of each home-cage. These were provided
with a nest-box, ropes, wood perches, a feeding tray for fresh food
and a PVC tube for dry chow. Fresh food was provided daily at
07:30 h, consisting of a mixture of pieces of fruits and vegetables.
Boiled eggs, nuts and/or cooked chicken breast were given several
times a week, also at 07:30 h. Unconsumed items were removed
at 17:30 h. Water and chow were available ad libitum. Housing
and maintenance conditions complied with the regulations of
the Brazilian Institute of Environment and Renewable Natural
Resources (IBAMA).

Apparatus and Experimental Set-up
Testing was conducted in a rectangular open-field (OF) arena
(Figure 1: 130 cm x 75 cm x 40 cm; W x L x H) suspended
1 m from the floor. Three of its walls were made of aluminum,
whereas the fourth was of 4 mm transparent glass. The top
consisted of the same glass material and the bottom was made
of 2.5 cm? wire-mesh. A guillotine-type door on one of the
aluminum walls served as the subjects’ entry/exit point. With the
exception of the glass wall and top, the apparatus was painted
white to enhance video-tracking. It was also divided into five
quadrants (Figure 1): four corner sections of equal dimensions
(32.5 cm x 37.5 cm each; W x L) and a larger central zone
(65cm x 75 cm; W x L).

The OF arena was set-up in a test-room located approximately
50 m from the colony facility. The marmosets were transported
to and from the test-room in an aluminum transportation cage
(35cm x 20 cm x 23 cm; W x L x H) that attached directly to
the arena’s door. The apparatus was monitored via a closed-circuit
system with two digital cameras (model C920, Logitech, Brazil):
one was mounted 1.5 m above the arena and the other was placed
1.5 m in front of its glass wall. Both cameras were connected to a

O
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O

cevnennnslhenceee.--y
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FIGURE 1 | Top-view schematic representation of the marmoset open field
apparatus, indicating the subjects’ entry/exit point (arrow) via the
guillotine-type door, the four corner sections where stimuli could be placed
during specific trials of the procedure (O), and the larger central zone.

same laptop located in an observation-room adjacent to the test-
room. Visual spatial cues were provided by various extra-field
items in the test-room.

Drug

Scopolamine hydrobromide (SCP; 0.03 mg/kg; Sigma-Aldrich,
United States) was dissolved in phosphate-buffered saline, the
latter also being used as vehicle control (SAL). Both substances
were injected subcutaneously in a volume of 1.0 mL/kg.
The dose and injection-test interval (see Procedure below)
were based on previous reports using systemic administrations
in marmosets, whereby an inverted U-shaped function was
verified (Ridley et al., 1984b: 0.03-1.0 mg/kg; Ridley et al,
1984a: 0.03-0.06 mg/kg; Carey et al., 1992: 0.01-0.04 mg/kg;
Harder et al, 1998: 0.06 mg/kg; Spinelli et al., 2006: 0.01-
0.06 mg/kg). In these studies, lower doses ranging from 0.02 to
0.06 mg/kg impaired performance in the object discrimination,
position discrimination, visuospatial conditional, five-choice
serial reaction time and concurrent delayed match-to-position
tasks. On the other hand, SCP given at 0.05 or 1.0 mg/kg induced
behavioral agitation in marmosets and thus may confound its
specific memory effects at higher doses. Based on these studies,
we chose to use 0.03 mg/kg as it may selectively disrupt memory,
but not other behaviors.

Procedure

All subjects were initially submitted, during three consecutive
days, to a daily habituation session that mimicked the general
procedure of the subsequent behavioral tasks (see below).
Accordingly, each habituation session consisted of an initial
10 min trial, followed by a 10 min inter-trial interval and then
a second 10 min trial. The marmoset was given access to the OF
apparatus during these two trials of each session, while during the
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FIGURE 2 | Marmosets’ performance on the one-trial Spontaneous
Object-Location (SOL) Recognition Task. An acute saline (SAL; n = 4) or
scopolamine (SCP, 0.03 mg/kg SCP; n = 5) administration was given
subcutaneously 20 min before the task. The sample and test trials lasted

10 min and were held at 10 min intervals. (A) Time spent in seconds exploring
the stationary and displaced objects on the test trial; (B) Object discrimination
ratio calculated for the test trial; (C) Time spent in seconds exploring both
objects on the sample and test trials; and (D) Total distance traveled in meters
during the sample and test trials. All data are represented as mean + SEM.

*p < 0.05 vs. the stationary object of the SAL group, **p < 0.05 vs.
zero-value chance level in the SAL group.

inter-trial interval they were placed in a different holding arena
(60 cm x 60 cm x 40 cm; W x L x H) located in the same test-
room. The marmosets were transferred between these locations
using the transportation cage that attached directly to either
arena. The three daily habituation sessions were to familiarize the
marmosets with the apparatus and general testing procedure, and
thereby no treatment was given and the OF remained empty.
The subjects were then randomly assigned to an experimental
group (SCP: n = 5 or SAL vehicle: n = 4) and individually
submitted to the same behavioral tasks described below. On both
tasks, the specific location of the objects within the apparatus
varied randomly between subjects. The apparatus and objects
used were also thoroughly cleaned with a 70% ethanol solution
after every trial. All trials were held between 14:00 and 17:00 h.

Spontaneous Object-Location Recognition Task

Based on the murine SOL task (Ennaceur et al, 1997), the
marmosets were submitted to a two-trial procedure consisting
of an initial 10 min sample trial that was followed, after a
10 min inter-trial interval, by a 10 min test trial. On the sample
trial, two identical copies of a small stainless steel bowl (9 cm

diameter x 5 cm height) were randomly placed at the center of
different corner quadrants of the apparatus and the marmoset
was allowed to freely explore the entire arena for 10 min. The
objects had not been previously seen by the marmosets, had no
apparent ethological significance and could not be displaced by
the subjects. After the 10 min retention interval, held in the
separate holding arena described above, the subject was again
released in the OF for the 10 min test trial. On this trial, two
identical copies of the same stainless steel bowl were placed
in the arena: one in the same location it had been during the
preceding sample trial (stationary object) and the other one in
a new position randomly chosen between the previously two
unused corner sections (displaced object). The marmoset was
again allowed to freely explore the entire arena for 10 min and
then returned to its home-cage.

Each subject received its respective treatment 20 min before
the start of the SOL task. Systemically administered SCP exerts
significant effects on central neuronal function 30 min post-
injection (Ebert et al., 2001) and only pre-training SCP treatment
has been found to impair SOL recognition memory in rodents
(Barker and Warburton, 2009).

Fear-Motivated Behavior (FMB) Test

After a 2-week interval, the same two groups of marmosets were
submitted to a three-trial procedure. First, a 10 min baseline pre-
exposure trial was held in the OF arena in the absence of any
stimulus. After a 10 min inter-trial interval held in the same
holding arena, the subject was again released in the apparatus for
a 10 min snake exposure trial. For this, a coiled and motionless
red-black-white rubber snake model (120 cm longx 2 cm girth)
was placed in one of the corner quadrants of the apparatus. As
a general preference for any of the corner sections of the OF
arena was not observed during the initial baseline trial, the snake
model was randomly placed in any one of these locations. The
subjects were all snake-naive and unable to displaced this aversive
stimulus, which in turn could be seen from any point in the arena.
After a second 10 min inter-trial interval held in the holding
arena, the marmoset was placed for the third time in the OF
apparatus for a 10 min post-exposure trial, in the absence of any
stimulus, and thereafter returned to its home-cage.

Each subject received its respective treatment immediately
before the start of the initial baseline trial. A snake model was
used as an aversive stimulus since NHPs invariably regard them
as a potential threatening stimulus (Isbell, 2006). Both feral
(Teixeira et al., 2016) and captive marmosets (Barros et al., 2002)
promptly react to snakes and related stimuli.

Behavioral Analyses

We used the AnyMaze software (Stoelting Co., United States) to
record and analyze the marmosets’ behavioral response during
each experimental trial. Via the top-view camera, the software
automatically tracked the animals’ total distance traveled and the
time spent in each quadrant of the apparatus. In addition, using
the same program and the side-view camera, an experienced
observer with a 95% intra-rater reliability manually scored the
time that the marmoset spent: (1) exploring each object during
the SOL task; (2) visually inspecting the snake stimulus during
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FIGURE 3 | Mean time (+SEM; in seconds) spent visually inspecting the
snake model (A) and emitting tsik—tsik alarm vocalizations (B) by the saline
(SAL; n = 4) and SCP (0.03 mg/kg SCP; n = 5) treated marmosets during the
10 min snake-exposure trial of the Fear-Motivated Behavior (FMB) procedure.

the FMB task; (3) emitting the alarm/mobbing-associated tsik-
tsik calls during the FMB task; and (4) being vigilant during the
FMB task. Exploration in the SOL task was defined as physical
contact with one of the objects using the hands, feet, nose, mouth,
or tongue, as well as all episodes of head cocks (side-to-side head
movements), direct gazes (fast orientation of the eyes and head
toward the object) and visual monitoring the object (continuous
slow sweeping movements of the head). Visual inspection of
the snake model included head cocks, direct gazes and visual
monitoring of this object, whereas vigilance was defined as
visual monitoring directed at the environment. Marmosets are
highly visually oriented in their response to surrounding stimuli
(Forster, 1995).

For the SOL task, all subjects were included in the analyses
below as they met our pre-established criterion of exploring
each object for at least 5 s during the sample trial. Recognition
memory was operationally defined as a higher exploration of the
displaced versus stationary object on the test trial (e.g., Dere et al.,
2007), considering that captive marmosets preferably explore
novel items in their environment (Forster, 1995). However, to
account for individual variations in overall exploration levels, the
following discrimination ratio was calculated based on Ennaceur
et al. (1997): [time spent exploring the displaced object - time
spent exploring the stationary object]/[time spent exploring both
objects]. A ratio of ~ 0.0 indicates that the two objects were
explored almost equally (chance level), whereas a ratio >0.0
demonstrates that the displaced object was explored more than

the stationary item. For the FMB procedure, we assessed the
subjects’ fear-induced place-avoidance response by comparing
the time spent in the snake-paired section of the OF arena before
and after the exposure trial (pre- x post-exposure trial).

Statistical Analyses

Data from males and females in each group were pooled
together as the small sample size precluded any meaningful
gender comparisons. For the SOL task, the time spent exploring
the displaced versus stationary object on the test trial, as
well as total exploration and distance traveled on the sample
versus test trial, were analyzed using a mixed-design two-way
analysis of variance (ANOVA), with ‘treatment group’ as the
independent factor and ‘object’/‘trial’ as the repeated measure
variable. In addition, the discrimination ratios were compared
to (zero value) chance-level performance via one-sample ¢-test.
For the FMB task, an independent ¢-test was used for between-
group comparisons regarding the visual inspection of the snake
model and tsik-tsik vocalizations during the exposure trial.
Dwell time in snake-paired quadrant, vigilance, distance traveled,
and time spent in each corner section of the OF arena were
analyzed via a mixed-design two-way ANOVA, with ‘treatment
group’ as the independent factor and ‘trial’/’section’ as the
repeated measure variable. Whenever significant effects were
obtained in the ANOVA analyses, subsequent comparisons were
performed using Tukey’s test. Significance level for all tests was
setat p < 0.05.

RESULTS

On the SOL test trial, the displaced object was explored for
a significantly longer time than the stationary one, albeit only
in the SAL-treated group (object effect: F 7 = 5.12, p = 0.05;
treatment effect: F; 7 = 2.41, p = 0.17; interaction: F; ; = 5.98,
p = 0.04; Figure 2A). The COC-treated animals explored both
objects equivalently on the test trial. The SAL-treated marmosets
explored the displaced object significantly above chance level on
the test trial (t3 = 8.97, p = 0.003), while the SCP group did
not (t4 = -0.47, p = 0.67; Figure 2B). This response was not
significantly influenced by either a trial or treatment effect on the
marmosets’ overall exploration of the objects or by the level of
locomotion, as both parameters remained constant between the
sample and test trials (object exploration - trial effect: F; 7 = 0.07,
p = 0.80; treatment effect: F;; = 3.44, p = 0.11; interaction:
F1,7 =0.001, p = 0.97; distance traveled — trial effect: F; 7 = 0.11,
p = 0.75; treatment effect: F; 7 = 0.86, p = 0.39; interaction:
F1,7 =0.30, p = 0.60; Figures 2C,D).

During the initial baseline trial of the FMB task, held in the
absence of the snake stimulus, all marmosets spent a comparable
amount of time in the four corner quadrants of the OF arena (SAL
group — section 1: 72 &£ 18, section 2: 77 & 19, section 3: 71 4 13,
section 4: 80 £ 9; SCP group - section 1: 69 % 19, section 2:
78 £ 21, section 3: 74 & 22, section 4: 78 £ 18; mean = SEM
in seconds; quadrant effect: F35; = 0.09, p = 0.85; treatment
effect: F1 7 = 0.01, p = 0.99; interaction: F3 5; = 0.02, p = 0.97).
On the conditioning trial, now in the presence of the snake
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FIGURE 4 | Marmosets’ behavioral response in the FMB procedure. An acute saline (SAL; n = 4) or SCP (0.03 mg/kg SCP; n = 5) administration was given
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model. (C) Total distance traveled in meters during each of the three trials of the procedure. All data are represented as mean + SEM. *p < 0.05 vs. the
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model, the two groups also spent a similar amount of time
visually inspecting the aversive stimulus (t; = -0.36, p = 0.73;
Figure 3A) and emitting tsik-tsik alarm calls (t7 = -0.22, p = 0.84;
Figure 3B). However, after being confronted with the aversive
stimulus, the SAL-treated marmosets spent significantly less time
in the snake-paired quadrant of the OF apparatus compared
to the levels seen prior to its exposure (baseline x test trial),
whereas the SCP group spent a similar amount of time in this
section on both trials (trial effect: F; 7 = 5.80, p = 0.04; treatment
effect: F1 7 = 0.75, p = 0.41; interaction: F1; = 5.92, p = 0.04;
Figure 4A). The SAL-treated marmosets were also found to be
significantly more vigilant following the snake exposure, relative
to the pre-confrontation levels of the baseline trial. Vigilance
recorded in the SCP group remained unaltered between the
baseline and test trials (trial effect: F17; = 17.68, p = 0.004;
treatment effect: F1 ; = 4.07, p = 0.08; interaction: F; ; = 14.05,
p = 0.007; Figure 4B). Finally, the total distance traveled by the
SCP-treated animals was significantly greater than that of the
SAL group (F1,7 = 21.94, p = 0.002), however no between-trial
effect (F3,14 = 1.28, p = 0.30) or trial-treatment interaction were
observed (F»,14 = 0.83, p = 0.43; Figure 4C).

DISCUSSION

SCP-Induced Effects on the
Spontaneous Spatial Recognition
Memory

Our results showed that the nonselective muscarinic ACh
receptor antagonist SCP impaired the marmosets’ ability to
detect changes in the spatial location of ethologically irrelevant
stimuli in the environment. When assessed on the murine-based
one-trial SOL recognition task (Ennaceur et al., 1997), SAL-
treated animals explored the displaced object significantly longer
than its identical stationary counterpart (i.e., exploration time
and discrimination ratio). Captive callitrichids seem to readily
respond to environmental change, particularly when spatial cues
are involved (Gaudio and Snowdon, 2008) — an aspect possibly

related to their use of highly seasonal habitats (Stevenson and
Rylands, 1988). The exploratory preference for the displaced
object in this group seems unlikely to be due to changes in object-
related motivation or perception, or even overall activity, as total
exploration and locomotor activity remained unaltered between
the sample and test trials.

On the other hand, SCP-treated animals explored both
objects equivalently during the test trial. To the best of our
knowledge, NHPs have not yet been assessed in SOL tasks.
The performance of rodents, however, is generally impaired
following both systemic administrations (Murai et al., 2007;
Pitsikas, 2007; Schible et al., 2012) and local infusions of SCP
into the perirhinal and medial prefrontal cortices (Barker and
Warburton, 2009), as well as after selective immunotoxic lesions
of central cholinergic systems (medial septum/vertical limb of
the diagonal band; Easton et al., 2011). It is important to note
as well that the SCP-treated marmosets explored both objects as
much as the SAL group explored the displaced item. This was also
the case when rodents were systemically administered the same
antagonist (Schéble et al., 2012). As SCP was given 20 min prior to
the sample trial, this treatment may have impaired the acquisition
of relevant task-related information and thereby this group later
perceived both objects as being novel rather than familiar. In rats,
muscarinic blockade impaired the initial encoding phase of SOL,
whilst sparing information retrieval (Barker and Warburton,
2009). This phase-dependent effect was also consistently shown
in both rodents (e.g., Barker and Warburton, 2009) and NHPs
(e.g., Aigner et al., 1991b) assessed in spontaneous and reinforced
visual recognition tasks, respectively, as well as in healthy human
volunteers (e.g., Atri et al., 2004). However, McTighe et al. (2010)
found that direct damage to the perirhinal cortex led rodents
to treat novel objects as familiar stimuli. Therefore, different
factors may influence recognition memory processes, including
the specific brain area involved, neurochemical mediator, task
demands and animal model. Alternatively, the current SCP
treatment may have impaired attentional and/or perceptual
processes that are also required for the task (Voytko, 1996), yet
this does not seem to be the case in our marmosets. Total object
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exploration remained constant from the sample to the test trial,
with no significant between-group differences being observed as
well. Furthermore, we did not observe drug-induced changes in
general locomotor activity. Although SCP has been shown to
induce hyperactivity (Day et al., 1991), others reported a decrease
(Besheer et al., 2001) or even a lack of effect (Schible et al., 2012),
leading to the suggestion that methodological aspects contribute
significantly to the observed outcome (e.g., dose, behavioral task,
administration route, gender; Klinkenberg and Blokland, 2010).

With the growing use of the several close variants of the
spontaneous recognition memory task in rodents (Ameen-
Ali et al, 2015), our results may have important prospective
implications for the development of a preclinical cross-species
procedure to assess specific memory functions. However, more
comprehensive studies in marmosets are warranted, given that
in rodents, for example, not all types of spontaneous recognition
memories are affected by central cholinergic activity. Rats
with selective immunotoxic lesions of specific basal forebrain
cholinergic projections to the hippocampus were unable to
recognize simple spatial representations (Easton et al., 2011),
although other types of spatial memory tasks and more
complex episodic-like memories remained intact with the lack
of basal ACh input to the hippocampus or temporal/frontal
cortex (Baxter et al., 1995; Easton et al., 2011). In marmosets,
immunotoxic lesions of specific ACh neurons within the basal
forebrain (Ridley et al., 1999) caused similar mnemonic deficits as
those induced by ablation/excitotoxic damage to their respective
target areas (Ridley et al., 1995; Barefoot et al.,, 2002) or even
by SCP treatment (Harder et al., 1998), thus indicating that it
may act more in terms of maintaining the proper functionality
of their projection sites. If so, this rising signaling pathway
probably affects long-term information encoding of different
memory types, depending on its target structure (Harder et al.,
1998). It is important to note that significant differences between
rats and NHPs have been reported in terms of the cytochemical
organization of basal forebrain cholinergic neurons, although
the latter corresponded to that of humans (Geula et al., 1993).
Therefore, it would be interesting to evaluate the effects of specific
lesions on spontaneous recognition tasks in marmosets, as only
visual discrimination and conditional learning tasks have been
assessed. Pharmacological blockade of muscarinic receptors has
consistently resulted in deficits in visual discrimination tasks of
DNMS (reviewed in Robinson et al., 2011), similar to our current
results in a spontaneous spatial recognition task. M1 receptor
agonism was shown to enhance the cognitive performance and/or
reverse SCP-induced deficits in these tasks (Rupniak et al., 1989;
Carey et al., 1992; Harries et al., 1998; Lange et al., 2015).

SCP-Induced Effects on FMBs

We also demonstrated that the SCP-induced blockade of
cholinergic neurotransmission disrupted the marmosets’ ability
to associate a predator-related stimulus with the specific spatial
context in which it was encountered. On one hand, after a single
brief encounter with the aversive stimulus, SAL-treated animals
spent significantly less time in the specific snake-paired section of
the OF arena, but more time being vigilant of their surroundings
compared to pre-exposure levels. Concurrent changes in general

activity were not observed. Snakes prey on marmosets (Teixeira
et al, 2016), and as a result even inanimate related stimuli
elicit a fear response in both feral and captive individuals (e.g.,
Barros et al,, 2002). Le et al. (2013) have even argued that
snakes exerted a prominent role in the development of primate
neural structures, with minimal (Mineka et al., 1984) or no
prior contact (Vitale et al., 1991) leading to persistently strong
fearful reactions in NHPs. Exactly as we recorded in our subjects,
during an encounter feral marmosets typically emit tsik-tsik
alarm calls and visually inspect the snake; they never freeze
(Ferrari and Lopes Ferrari, 1990; Teixeira et al., 2016). However,
after the event, they act cautiously and avoid the interaction
site for up to several days (Bartecki and Heymann, 1987). This
indicates that: (1) our marmosets perceived the snake model as
an unconditioned threat (e.g., Clara et al., 2008); (2) their post-
encounter hypervigilance in the training context may be akin
to the behavioral response of rodents during contextual fear-
conditioning procedures using footshocks (freezing: reviewed
in Maren et al, 2013) or predators (risk assessment: Ribeiro-
Barbosa et al., 2005); and (3) subsequent avoidance of this specific
location seems to be in line with the fear-induced conditioned-
place-aversion (CPA) response seen in rodents (e.g., Zanoveli
et al, 2007) and in NHPs under natural settings (Bartecki
and Heymann, 1987; van Schaik and Mitrasetia, 1990; Isbell
and Etting, 2017). Neurobiological studies on FMBs in NHPs
is mostly focused on their unconditioned reaction to explicit
aversive stimuli (e.g., predator, conspecifics), yet fear learning
has been experimentally assessed using different paradigms,
such as fear-potentiated startle (e.g., Antoniadis et al., 2009),
cue-conditioning (Agustin-Pavon et al., 2012), observational
conditioning (e.g., Mineka et al.,, 1984) and passive avoidance
(e.g., Machado et al., 2009).

On the other hand, in the SCP-treated group, post-exposure
vigilance and dwell time in the snake-paired section of the
apparatus did not differ from the initial baseline levels of either
group. This seems unlikely to be due to a drug-induced effect
on their visual perception or behavioral response to the snake
model. During their encounter with this stimulus we recorded
similar levels of visual inspection and tsik-tsik alarm calls in both
groups. The SCP group did, nonetheless, spend more time in
motion than the SAL-treated animals. Although SCP may induce
hyperactivity, as mentioned above, the difference was already
present on the initial pre-exposure trial and as such may be a
drug-unrelated feature inherent to that group.

The role of cholinergic signaling in fear learning of NHPs
has yet to be fully addressed. Nonetheless, results from our
present study seem to indicate that muscarinic antagonism
may disrupt the encoding of conditioned fear responses for
a spatial context in marmosets. In rodents, systemic and
intra-hippocampal infusions of SCP selectively impaired the
acquisition of a conditioned freezing response for the training
context previously paired with an aversive footshock (recently
reviewed in Wilson and Fadel, 2017). Selective antagonism of
muscarinic M1 receptors (Soares et al., 2006) and pre-training
electrolytic lesions of central cholinergic projections to the
hippocampus yielded similar results (Maren and Fanselow, 1997).
Cholinergic blockade also disrupts fear learning measured in
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other behavioral tasks in rats (e.g., inhibitory avoidance;
reviewed in Robinson et al, 2011). However, the role of
muscarinic signaling on the retrieval of aversively motivated
behavior is still unclear (reviewed in Robinson et al., 2011;
Wilson and Fadel, 2017).

CONCLUSION

Our results indicate that the pharmacological blockade
of cholinergic neurotransmission with SCP impaired the
marmosets’ ability to detect changes associated with the spatial
location of ethologically irrelevant (SOL task) and relevant
stimuli (FMB task). However, at present, we are only able
to argue that cholinergic deficiency affects the way SOL
recognition and aversive learning are processed in the short-
term. Further studies are required to properly ascribe the role
of ACh on the different phases of the information processing
systems, their related brain circuits and the specific resultant
effects. Similar investigations using longer retention intervals
(>10 min), distinct objects/cues and gender comparisons will
also contribute with important complementary information
to our current understanding on normal and dysfunctional
learning and memory processing in NHPs and potentially in
humans. This novel approach, using a spontaneous (spatial)
recognition task, may prove useful in terms of providing a
means for a direct cross-species comparison between NHPs
and rodents. Compared to other simians, the marmosets’ small
body size, rapid reproductive turnover, shorter life-span, high
adaptability to captivity and lower husbandry costs (reviewed in
Barros and Tomaz, 2002), while still retaining a high anatomical
and neurochemical resemblance to their larger counterparts
(Stephan et al., 1980; Geula et al., 1993), makes them a unique
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Exposure to drug-associated cues to induce extinction is a useful strategy to contrast
cue-induced drug seeking. Norepinephrine (NE) transmission in medial prefrontal cortex
has a role in the acquisition and extinction of conditioned place preference induced by
amphetamine. We have reported recently that NE in prelimbic cortex delays extinction
of amphetamine-induced conditioned place preference (CPP). A potential involvement
of al-adrenergic receptors in the extinction of appetitive conditioned response has
been also suggested, although their role in prelimbic cortex has not been yet fully
investigated. Here, we investigated the effects of the a1-adrenergic receptor antagonist
prazosin infusion in the prelimbic cortex of C57BL/6J mice on expression and extinction
of amphetamine-induced CPP. Acute prelimbic prazosin did not affect expression of
amphetamine-induced CPP on the day of infusion, while in subsequent days it produced
a clear-cut advance of extinction of preference for the compartment previously paired
with amphetamine (Conditioned stimulus, CS). Moreover, prazosin-treated mice that
had extinguished CS preference showed increased mRNA expression of brain-derived
neurotrophic factor (BDNF) and post-synaptic density 95 (PSD-95) in the nucleus
accumbens shell or core, respectively, thus suggesting that prelimbic a1-adrenergic
receptor blockade triggers neural adaptations in subcortical areas that could contribute
to the extinction of cue-induced drug-seeking behavior. These results show that the
pharmacological blockade of a1-adrenergic receptors in prelimbic cortex by a single
infusion is able to induce extinction of amphetamine-induced CPP long before control
(vehicle) animals, an effect depending on contingent exposure to retrieval, since if
infused far from or after reactivation it did not affect preference. Moreover, they suggest
strongly that the behavioral effects depend on post-treatment neuroplasticity changes
in corticolimbic network, triggered by a possible “priming” effect of prazosin, and point
to a potential therapeutic power of the antagonist for maladaptive memories.

Keywords: «1-adrenergic receptors, extinction, prelimbic cortex, conditioned place preference, BDNF, PSD-95,
nucleus accumbens
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INTRODUCTION

Persistent memories about biologically relevant stimuli are
essentials for organism and species survival. However, in some
pathological conditions, highly salient memories are experienced
intrusively leading the individual to maladaptive behavior
(McGaugh, 2006; Sun et al., 2011; Puglisi-Allegra and Ventura,
2012). A typical example is drug addiction, a pathological
condition, in which environmental stimuli or discrete cue paired
with drug effects acquire the ability to induce intense drug
desire that leads to drug-seeking and drug-taking (Stewart et al,,
1984; Robinson and Berridge, 1993; Childress et al., 1999;
Everitt et al.,, 2001; Shalev et al., 2002). A method to reduce
this kind of responses is the extinction learning, a protocol
in which repeated cues or context re-exposure in absence of
the predicted event results in a decrease in magnitude and
frequency of conditioned response (CR) (Myers and Davis,
2004; Myers and Carlezon, 2012). This protocol, known as
exposure therapy, has been applied successfully in fear and
anxiety disorders treatment. However, its application on drug
addicts showed only limited success (Conklin and Tiffany,
2002). Therefore, a better understanding of neurobiological
mechanisms of extinction could be important to improve the
effectiveness of extinction-like protocols, and to envisage neural
targets to develop pharmacological therapy.

Modulation of the conditioned stimulus (CS) motivational
properties favors disengagement from drug-related cues. Thus,
therapy strategies aimed at reducing the motivational properties
of drug cues have been considered highly promising for successful
treatment of craving and relapse in addicts (Taylor et al., 2009). In
this framework, norepinephrine (NE) transmission in prefrontal
cortex acquires a pivotal role to favor disengagement from drug-
related cues.

Indeed, NE transmission in mPFC modulates central and
behavioral responses induced by relevant biological stimuli or
by neutral stimuli associated with them (Darracq et al., 1998;
Feenstra et al., 2001; Mingote et al., 2004; Ventura et al., 2005,
2007, 2008; Pascucci et al., 2007; Puglisi-Allegra and Ventura,
2012).

Drugs of abuse, natural reward and aversive stimuli promotes
NE increase in mPFC (Florin et al, 1994; Feenstra et al,
2001; Mingote et al., 2004; Ventura et al., 2005, 2007; Pascucci
et al, 2007), leading to dopamine (DA) release in the NAc
that is critical for the attribution of motivational salience to
highly salient stimuli (Darracq et al., 1998; Ventura et al., 2003,
2005, 2007; Puglisi-Allegra and Ventura, 2012). Furthermore,
highly salient unconditioned stimulus (US) and conditioned
stimulus (CS) paired with them, increase NE levels in mPFC
proportionally to the salience of the US (Feenstra et al., 2001;
Mingote et al., 2004; Ventura et al., 2008). This indicates that
prefrontal NE transmission modulates motivational properties of
conditioned cues during exposure to them, strengthening them
and contributing to the maintenance of the CR. Consistent with

Abbreviations: «l-ARs, alphal-adrenergic receptors; Amph, amphetamine
sulfate; BDNE, brain-derived neurotrophic factor; CPP, conditioned place
preference; IL, infralimbic mpFC; mpFC, medial prefrontal cortex; NAc, nucleus
accumbens; PL, prelimbic mpFC; PSD-95, post-synaptic density 95.

this view, we have recently reported that selective NE depletion
in pre-limbic cortex (PL), after acquisition of amphetamine CPP,
facilitates extinction of drug-associated memory (Latagliata et al.,
2016).

Alphal-adrenergic receptors (al-ARs) in mPFC have been
related to the modulation of motivational properties of salient
experiences. Indeed, al-ARs that are preferentially engaged
during conditions of sustained prefrontal NE release (Ramos and
Arnsten, 2007) like highly salient experiences (Mingote et al.,
2004; Ventura et al., 2008), modulate both motivated behavior
and dopaminergic response in NAc induced by salient stimuli
(Blanc et al., 1994; Darracq et al., 1998; NicNiocaill and Gratton,
2007; Schmidt et al., 2017).

Thus, in the present work we investigated if a1-ARs in PL
cortex are involved in extinction of amphetamine-induced CPP
in mice.

Note that the selective a1-ARs antagonist prazosin is used in
clinical set for treatment of alcohol abuse and for post-traumatic
stress disorder (Raskind et al., 2003; Rasmussen et al., 2009).
Moreover, one of the pioneering studies by the Colléege de France
team (Blanc et al., 1994) showed that infusion of prazosin in
the mpFC was able to control DA functioning in the NAc along
more than 1 day after treatment. This report encouraged us to
use prazosin in our experimental conditions in order to assess
the effects of a single treatment in animal exposed to extinction
training to possibly benefit from long-lasting pharmacological
effects of the compound.

Thus, in the present work we investigated the effects of
prazosin infusion in the PL of C57BL/6] mice on expression and
extinction of amphetamine-induced CPP, hypothesizing that a
single intra-PL prazosin infusion, before CPP trial (reactivation),
could reduce the motivational properties of the amphetamine
paired CS, weakening the persistence of amphetamine-induced
CPP.

In a first set of experiments, we observed that intra-PL
prazosin did not affect expression of amphetamine-induced
CPP the day of infusion, while in subsequent days, when
animals were drug free, it produced an early extinction in
comparison with vehicle infused group. This suggested that PL
al-ARs blockade could have induced neuroplastic adaptations in
mesocorticolimbic areas of prefrontal-accumbal network known
to modulate incentive salience and extinction.

To assess this hypothesis, in a second set of experiments,
we assessed the transcriptional modulation of BDNF and
PSD-95 genes as markers of neuroplasticity and synaptic
maturation, respectively, in PL and infralimbic cortex (IL),
nucleus accumbens (NAc) shell and core, of prazosin treated mice
having extinguished preference for amphetamine CS.

MATERIALS AND METHODS

Animals

Male C57BL/6]Ico (Charles River, Como, Italy) were purchased
at 6-7 weeks of age and housed four per cage on a 12-h light-
dark cycle (lights on between 07.00 a.m. and 07.00 p.m.) for
3 weeks. Two days before experiments, animals were individually
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housed. Each experimental group consisted of 7-10 animals. All
experiments were carried out in accordance with Italian national
law (DL 116/92 and DL 26/2014) on the use of animals and with
the European Communities Council Directives (86/609/EEC and
2010/63/UE), and approved by the ethics committee of the
Italian Ministry of Health (license/approval ID #: 10/2011-B and
42/2015-PR).

Drugs

D-Amphetamine sulfate (Amph) and Prazosin hydrochloride
(prazosin), were purchased from Sigma (Sigma Aldrich,
Milan, Italy). Fluorescently labeled prazosin, BODYPY FL, was
purchased by Thermo Fisher Scientific, Italy. Amph (2.5 mg/Kg),
was dissolved in saline (0.9% NaCl) and injected intraperitoneally
(i.p.) in a volume of 10 ml/kg. Zoletil 100, Virbac, Milan, Italy
(tiletamine HCl 50 mg/ml 4+ zolazepam HCl 50 mg/ml) and
Rompun 20, Bayer S.p.A Milano, Italy (xylazine 20 mg/ml),
purchased commercially, were used as anesthetics. Prazosin and
BODYPY FL (1mg/ml) were dissolved in artificial CSF (in mM:
NaCl 140.0; KCI 4.0; CaCl, 1.2; MgCl, 1.0). Artificial CSF was
used as Vehicle. The doses of Amph and prazosin were selected
on the bases of previous studies (Darracq et al., 1998; Do-Monte
etal., 2013; Latagliata et al., 2016) and preliminary experiments.

Apparatus

A CPP apparatus (Cabib et al, 1996, 2000) was used for
behavioral experiments. The apparatus comprised two gray
Plexiglas chambers (15 cm x 15 cm x 20 cm) and a central alley
(I5cm x 5 cm x 20 cm). Two sliding doors (4 cm x 4 cm)
connected the alley to the chambers. In each chamber, two
triangular parallelepipeds (5 cm x 5 cm x 20 cm) made of black
Plexiglas and arranged in different patterns (always covering
the same surface of the chamber) were used as conditioned
stimuli. Behavioral data were registered and analyzed by a
fully automated video tracking system (“EthoVision”, Noldus
Information Technology, Wageningen, The Netherlands). The
acquired digital signal was processed by the software, to extract
the “time spent” [in second (s)] in the three chambers of the
apparatus.

Experimental Procedures

Experimental procedures are summarized in Figure 1.

Conditioned Place Preference

The training procedure was described previously (Cabib et al,
1996). Briefly, on day 1 (pre-test), mice were free to explore
the entire apparatus for 20 min. On the following 8 days (con-
ditioning phase), mice were injected and confined daily for
40 min alternatively in one of the two chambers. One of the
patterns was consistently paired with a vehicle injection and the
other one with Amph injection. In order to balance the pairings
for half of the animals in each experimental group Amph (or
vehicle) was paired with one of the patterns and half of them
with the other one. Testing was carried out on day 10 in drug-free
state and lasted 20 min like the pre-test. Note that during pre-test,
mice randomly assigned to vehicle (n = 10) or prazosin (n = 10)

groups did not show preference (mean time spent £ SEM),
for the lateral chambers, thus showing that the apparatus was
unbiased in terms of preferences in untreated mice.

Surgery, Re-test and Infusions

The days following CPP test (days 11 and 12), animals were
subjected to surgical procedures. Mice, anesthetized with Zoletil
100 and Rompun 20, were mounted in a stereotaxic frame (David
Kopf Instruments, Tujunga, CA, United States) equipped with
a mouse adapter. An incision was performed along the midline
of the skull, then two holes were pierced in correspondence
of the PL cortex, coordinates: AP +2.8; ML £+ 0.4 DV —0.4
from the bregma, according to the atlas of Paxinos and Franklin
(2001). Two steel cannulas were implanted (length: 7 mm; outer
diameter: 0.7 mm, internal diameter 0.35 mm), secured with
dental cement with the addition of epoxy glue.

One week after CPP test, the animals were subjected to a
further test (re-test) to check that surgeries did not impair place
preference. The day following CPP re-rest, bilateral injections
of prazosin or vehicle (0.6 g/0.6 pl side) were performed into
PL through a stainless steel cannula (length 8.1 mm, 0.15 mm
outer diameter, UNIMED, Swiss), connected to a 10 .1 Hamilton
syringe by a polyethylene tube and driven by a CMA/100 pump
(flow rate 0.6 wl/min). After the end of the infusion the cannula
was left in place for additional 30 s. Vehicle or prazosin pre-trial
group received the infusion 20 min before the CPP trial. Post trial
groups (vehicle or prazosin) received injection in PL 5 min after
CPP trial. Non-contingent groups received PL infusion of vehicle
or prazosin 5-6 h before the CPP trial.

Placement Assessment
To assess placement, drug dispersion, and tissue damage in the PL
a solution of a CSF containing the fluorescently labeled BODYPY
FL prazosin was infused as described before. Figure 2 shows
a representative image of the preparation used to determine
location of the cannula in the PL after infusion with CSF
(Figure 2A) or fluorescently labeled prazosin (Figure 2B).
Placements in PL were judged by methylene blue staining.
Brains were post-fixed in 4% paraformaldehyde, cut in serial
coronal slices according to Paxinos and Franklin (2001) and
processed for methylene blue staining. In order to reconstruct the
correct cannula placements 50-pum thick sections were examined
under a microscope to establish the location of the cannula.
In Figure 2 is represented the location of cannulas in the
two hemispheres. Data from animals not showing the proper
placement (n = 9 for all experiments) were discarded from the
final statistical analysis.

Extinction

The extinction procedure began the day after the re-test.
To investigate potential time-dependent differences in the
extinction, animals were exposed daily to CPP test (20 min)
(Orsini et al., 2008) (non-confined extinction). The extinction
of the CR was considered acquired after two consecutive days
showing non-significant preference for the drug-paired chamber
(Fricks-Gleason and Marshall, 2008; Latagliata et al., 2016).
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FIGURE 1 | Schematic time-line of the experimental procedures.

Post-Trial 5 min after CPP

Non-Contingent 5-6 hours
before CPP

FIGURE 2 | (A) Representative image of infusion site in PL cortex; (B)
Location of bilateral cannula insertion to infuse fluorescently labeled prazosin
(BODYPY FL) in the prelimbic cortex, PL (see Materials and Methods). The
image is representative coronal photomicrographs of PL. The fluorescent
trace was used to evaluate the selectivity of the diffusion gradient. The
clearest part indicates the maximum spread of prazosin in the PL around the
cannula track. Scale bar = 200 pum.

Quantitative Real Time RT-PCR and

Gene Expression Analysis

After extinction of prazosin treated mice, the animals of the
four experimental groups were sacrificed, brains were removed
and stored in liquid nitrogen. Then, after brains were fixed

vertically on the freeze plate of a freezing microtome, punches
of both hemispheres were obtained from the brain slices (coronal
sections) no thicker than 300 pm. Stainless steel tubes of 1.0 mm
of inside diameter for PL and 0.5 mm for IL, NAc Core and NAc
Shell were used. The coordinates were measured according to the
Paxinos and Franklin (2001) atlas (coronal sections as mm from
bregma), as follows: PL two slices from 2.80 to 2.22; IL two slices
from 2.10 to 1.54; NAc Core and Shell three slices from 1.88 to
0.98. The punches were stored in liquid nitrogen until the day of
RNA extraction.

RNA was isolated from brain punches using Total RNA
purification Kit (Norgen Biotek, Thorold, ON, Canada)
according to the manufacturer protocol. RNA quantity was
determined by absorbance at 260 nm using a NanoDrop UV-
VIS spectrophotometer. Complementary DNA was obtained
using the High Capacity Reverse Transcription Kit (Applied
Biosystems, Branchburg, NJ, United States). cDNA templates
(8 ng) were amplified with quantitative PCR using the Tagman
technology in the 7900HT thermal cycler apparatus equipped
with the SDS software version 2.3 (Applied Biosystems) for data
collection. Tagman primer sets (Applied Biosystems) were used
to amplify mouse total BDNF (Mm04230607_s1; amplifying the
coding region for mature BDNF) and Disks large homolog 4
(Dlg4 MmO00492193_m1), gene encoding for PSD-95. Ct values
were normalized to measures of Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH Mm99999915_gl) mRNA. All data
were run in triplicate and analyzed using the AAC(t) method
(Schmittgen and Livak, 2008). Results are expressed as fold
changes relative to the correspondent vehicle-treated group.

Statistics
Time spent (s) in each of the three chambers was used as a
dependent measure. Data were analyzed by repeated-measures
ANOVA with one between factor (treatment, two levels: vehicle,
prazosin) and one within factor (choice, three levels: center,
paired, and unpaired). Post hoc comparisons were assessed by
Duncan’s multiple-range test whenever significant main effects
were attained. A significant CPP was indicated by a significant
difference between time spent in paired versus unpaired chamber.
BDNF and PSD-95 mRNA levels of expression were compared
between prazosin and vehicle group by paired f-test with
significant values attributed when p < 0.05.
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FIGURE 3 | Effects of pre-trial infusion of prazosin in prelimbic (PL) prefrontal
cortex on expression and extinction of an acquired conditioned place
preference (CPP) induced by systemic injection of 2.5 mg/Kg of
amphetamine. In the x-axis are days. In the y-axis is time spent in center,
paired, and unpaired chamber during pre-test, test, re-test, and non-confined
extinction trials in animals assigned to vehicle (A) and prazosin (B). All data
are expressed as mean (second =+ SE) time spent in center, paired, and
unpaired chambers. *p < 0.05, **p < 0.01 in time spent in paired in
comparison with unpaired chamber in vehicle and prazosin infused mice.

RESULTS

Prelimbic Prazosin Infusion Fosters
Extinction of Conditioned Place

Preference Induced by Amphetamine

We first investigated the effects of PL al-ARs antagonist
infusion on expression and extinction of Amph induced
CPP. Two-way ANOVA showed non-significant (ns) effect for
treatment X choice interaction: F(2,36) = 2.668, ns and for
choice: F(2,36) = 1.932, ns.

Following conditioning (test) and in the trial after surgery (re-
test), all mice expressed a preference for the previously Amph-
paired chamber (Figures 3A,B). Two-way ANOVA revealed
a significant effect for factor choice: [test, F(2,36) = 20.865,
p < 0.01; re-test, F(2,36) = 80.789, p < 0.01]. Duncan’s post hoc
analysis showed that both vehicle and prazosin animals spent
more time in the Amph-paired chamber during test and re-test
(p < 0.01) (Figures 3A,B).

Bilateral infusion of both prazosin and vehicle performed
20 min before the third CPP trial (infusion, Figure 1) did
not affect the expression of Amph CPP (Figures 3A,B). Two-
way ANOVA showed a significant effect for choice: [infusion,
F(2,36) = 26.705; p < 0.01] and post hoc analysis confirmed that
both groups spent more time in Amph-paired chamber during
this trial (prazosin p < 0.01; vehicle p < 0.05) (Figures 3A,B). On
extinction trial 5, mice infused with prazosin reached extinction
criterion of two consecutive days showing non-significant
preference for the drug-paired chamber (Figure 3B), whereas
vehicle treated reached extinction on trial 14 (Figure 3A).
On extinction trials 4 and 5, respectively, statistical analyses
revealed a significant effect of choice [F(2,36) = 62.186;
p < 0.01] and [F(2,36) = 54.946; p < 0.01]. Post hoc test
showed that on both days only vehicle spent more time in
the Amph- than in the saline-paired chamber (p < 0.01)
(Figure 3A).

Recently, it has been shown that PL prazosin infusion can
impair fear memory re-consolidation leading to attenuation of
fear responses (Do-Monte et al., 2013). To evaluate a potential
re-consolidation effect in our results we performed a second
experiment in which prazosin was administrated in PL cortex
5 min after CPP trial (see Figure 1).

As in the previous experiment, during pre-test mice randomly
assigned to vehicle post trial (n = 7) or prazosin post trial
(n = 7) groups did not show preference for the lateral chambers.
Two-way ANOVA revealed non-significant effect for interaction
group x choice: F(2,24) = 0.10, ns and for factor choice:
F(2,24) = 12.994, ns.

In both CPP test and re-test all mice showed the preference for
Amph paired chamber. Two-way ANOVA showed a significant
effect for factor choice: [test, F(2,24) = 55.705; p < 0.01; re-test,
F(2,24) = 54.955; p < 0.01]. The day after post-trial infusion,
extinction (ext) 1, both groups vehicle and prazosin showed
CPP for Amph paired chamber. Two-way ANOVA showed a
significant effect for factor choice during ext 1: F(2,24) = 47.082;
p < 0.01, but non-significant interaction treatment x choice:
F(2,24) = 0.06, ns (Figures 4A,B). Prazosin post-trial group
reached extinction criterion on the fourteenth trial. Statistical
analyses revealed significant effect of choice for both ext 13
[F(2,24) = 41.957; p < 0.01] and ext 14 [F(2,24) = 29.457;
p < 0.01]. However, Duncan’s test showed that in both days
prazosin treated mice did not show difference in time spent in
Amph- in comparison with saline-paired chamber (Figure 4B).
Likewise, vehicle post-trial group reached the extinction criterion
on the 15th trial. Two-way ANOVA revealed significant effect
of the factor choice in both ext 14 [F(2,24) = 29.457; p < 0.01]
and ext 15 [F(2,24) = 23,642; p < 0.01]. Duncan’s test showed
that in both days vehicle post-trial mice have spent an equal
amount of time in the chambers paired with Amph and saline
(Figure 4A).

Finally, we verified whether PL prazosin infusion produced
a facilitator effect on the extinction of Amph-induced CPP
independently by the exposure to the CPP trial context.
In this experiment prazosin or vehicle were administrated
5-6h before the CPP trial (non-contingent groups). During
pre-test mice randomly assigned to non-contingent vehicle
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FIGURE 4 | Effects of post-trial infusion of prazosin in prelimbic (PL) prefrontal
cortex on expression and extinction of an acquired conditioned place
preference (CPP) induced by systemic injection of 2.5 mg/Kg of
amphetamine. In the x-axis are days. In the y-axis is time spent in center,
paired, and unpaired chamber during pre-test, test, re-test, and non-confined
extinction trials in animals assigned to vehicle (A) and prazosin (B). All data
are expressed as mean (second + SE) time spent in center, paired, and
unpaired chambers. *p < 0.05, **p < 0.01 in time spent in paired in
comparison with unpaired chamber in vehicle and prazosin infused mice.

(n = 8) or prazosin (n = 10) groups did not show
preference for the lateral chambers (Figures 5A,B). Two-way
ANOVA revealed non-significant effect for treatment x choice
interaction: F(2,32) = 0.423, ns. The factor choice was
significant: F(2,32) = 11.332, p < 0.01. Duncan’s post hoc
test confirmed that both groups spent a greater amount of
time in two lateral chambers in comparison with the central
alley.

During CPP test and re-test all mice showed the preference for
Amph paired chamber. Two-way ANOVA showed a significant
effect for factor choice: [test, F(2,32) = 40.386, p < 0.01; re-test,
F(2,32) = 42.204, p < 0.01]. In the CPP trial after non-contingent
infusion both groups showed a preference for the Amph-paired
chamber (Figures 5A,B). ANOVA revealed no significant effect
for treatment x choice interaction: F = (2,32) = 0.850, ns; but
a significant effect for the factor choice: F = (2,32) = 41,252,
p < 0.01. Non-contingently prazosin infused mice reached the

extinction criterion on trial 8. ANOVA revealed a significant
effect for the factor choice in both ext 7 [F = (2,32) = 47,797,
p < 0.01] and 8 [F = (2,32) = 50,338, p < 0.01]. However,
Duncan’s test showed that in both days only non-contingent
vehicle mice spent more time in the chamber previously paired
with (p < 0.01) (Figure 5A). Note, that non-contingent prazosin
mice showed a spontaneous recovery for Amph CPP during
extinction trial 13 (Figure 5B). Non-contingent vehicle group
reached the criterion of two consecutive daily lack of preference
on the 15th trial. Two-way ANOVA showed a significant effect of
the factor choice in both ext (ext 14 [F(2,32) = 34.749, p < 0.01]
and 15 [F(2,32) = 25,623, p < 0.01]. Duncan’s test showed
that in both days vehicle non-contingent mice spent an equal
amount of time in the chambers paired with Amph and vehicle
(Figure 5A).

Prelimbic Prazosin Infusion, Immediately
before the Exposure to the CPP Trial,
Increases BDNF and PSD-95 mRNA

Expression in the Nucleus Accumbens

Given the delayed effect of the intra-PL prazosin infusion on
the extinction of Amph-induced CPP, we hypothesized that the
acute blockade of PL al-ARs contingent with the exposure to
the CPP trial context may induce neuroplastic adaptations in
the prefrontal-accumbal network, that underlie the facilitation
of extinction. We thus analyzed by quantitative real-time PCR
the transcription levels of the neurotrophin BDNF and of the
synaptic scaffold PSD-95 as markers of neuroplasticity and
synaptic maturation, respectively. Gene expression was measured
in punches of IL and PL cortices, and NAc core and shell
subregions, of pre-trial prazosin- and vehicle-treated mice. To
ensure that both vehicle and prazosin group were equally exposed
to extinction trials, mice were sacrificed for mRNA assessment
once the preference for Amph CS was extinguished only in
prazosin-treated mice, but not necessarily in the vehicle.

For BDNF analysis, paired t-test revealed a significant increase
of the BDNF transcript in NAc core punches of pre-trial
PL prazosin-infused mice compared to vehicle [t(4) = 3.877,
p < 0.05]. Non-significant effect was observed in NAc shell
[t(4) = 0.888, ns], PL [¢(3) = —0.643, ns] or IL [t(4) = —0,697,
ns] (Figure 6). Similarly, the PSD-95 mRNA expression level
increased significantly in NAc shell punches of pre-trial PL
prazosin-infused mice compared to vehicle [t(4) = 2.801,
p < 0.05], while no effect of the drug was observed in NAc core
[t(3) =2.315, ns], PL [£(3) = —0.197, ns)] or IL [£(4) = 0.049, ns]
(Figure 7). Note that a trend toward an increase was evident in
NACc core.

To test the possibility that the PL prazosin infusion would
induce the observed transcriptional modulation independently of
the contingent exposure to the CPP trial context, we measured
mRNA levels of BDNF and PSD-95 in non-contingently infused
prazosin or vehicle mice again when the compartment-preference
was extinguished. For BDNF analysis, paired t-test revealed a
significant decrease in the BDNF transcript in NAc shell punches
of non-contingently PL-infused prazosin mice compared to
vehicle [t(6) = 2.518, p < 0.05). No differences were observed
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FIGURE 5 | Effects of non-contingent infusion of prazosin in prelimbic (PL) prefrontal cortex on expression and extinction of an acquired conditioned place preference
(CPP) induced by systemic injection of 2.5 mg/Kg of amphetamine. In the x-axis are days. In the y-axis is time spent in center, paired, and unpaired chamber during
pre-test, test, re-test, and non-confined extinction trials in animals assigned to vehicle (A) and prazosin (B). All data are expressed as mean (second + SE) time spent
in center, paired, and unpaired chambers. *p < 0.05, **p < 0.01 in time spent in paired in comparison with unpaired chamber in vehicle and prazosin infused mice.

in NAc core [t(5) = 1.366, ns], PL [t(2) = 0.991, ns], and IL
[t(2) = —0.087, ns] (Figure 8). Non-significant effect of the
drug was revealed for the PSD-95, in either structure: NAc shell
[t(6) = 0.661, ns], NAc core [t(5) = —1.013, ns], PL [#(2) = 1.034,
ns], and IL [#(1) = —0.332, ns] (Figure 9).

DISCUSSION

This study was aimed at evaluating the role of PL al-ARs in
the maintenance of CPP to Amph. To this aim we assessed the
effects of a single pre-reactivation infusion of prazosin in the
PL of C57BL/6] mice on the expression of a previously acquired
Amph-induced CPP the day of infusion and the following days,
when mice were tested drug free. Intra-PL prazosin did not
affect expression of Amph-induced CPP the day of infusion,
while in subsequent days it produced a clear-cut advance of
extinction in comparison with vehicle treated animals. Indeed,
from day 5 onward prazosin-treated mice, exposed to the
apparatus, showed no preference for the drug-paired chamber
differently from vehicle group that extinguished preference for
the paired chamber on day 14. Note that this effect of intra-PL

prazosin priming is dependent on its infusion before reactivation,
since if infused far before or after reactivation it did not affect
significantly preference compared with vehicle groups.

A beta-adrenergic receptor antagonist, infused in this area
before CPP test, has been reported to block the expression of
cocaine-seeking the day of infusion and on the following day
when animals are drug-free (Otis et al, 2013). However, in
the present study a possible retrieval effect or general memory
impairment can be ruled out. Indeed, before the onset of
extinction procedure animals assigned to both vehicle and
prazosin treatment were able to retrieve drug-associated memory
in CPP expressing Amph preference for the paired chamber.

We observed here that no extinction occurred the day of
infusion when preference for paired chamber was similar to that
shown by vehicle group while preference in treated mice was no
more evident after subsequent daily testing sessions. Therefore,
a mechanism that could account for not immediately extinction
occurring following infusion should have been searched in
possible neuroplasticity events triggered by intra-PL prazosin.
These could have tagged CS during CPP retrieval, possibly
devaluating it or blunting its association with US to produce a
process that led to “extinction” of preference later on.
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FIGURE 6 | Brain-derived neurotrophic factor (BDNF) mRNA expression in
punches of infralimbic (IL) and prelimbic (PL) cortices, and Nucleus
Accumbens (NAc) core and shell subregions, measured after the extinction of
amphetamine-induced conditioned place preference (CPP), in mice that
received pre-trial infusion of prazosin or vehicle in PL. The BDNF mRNA
expression level (relative expression levels = fold changes over vehicle,
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene)
was significantly increased in the NAc core of Prazosin versus Vehicle-infused
mice. *p < 0.05.
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FIGURE 7 | Postsynaptic density protein 95 (PSD-95) mRNA expression in
punches of IL and PL cortices, and NAc core and shell subregions, measured
after the extinction of amphetamine-induced CPP, in mice that received
pre-trial infusion of prazosin or vehicle in PL. The PSD-95 mRNA expression
level (relative expression levels = fold changes over vehicle, normalized to
GAPDH gene) was significantly increased in the NAc shell of Prazosin versus
Vehicle-infused mice. *p < 0.05.

Such neuroplasticity events could have involved not only the
brain areas where the antagonist was infused but also other areas
that are known to be connected with it and playing a functional
role in expression, reconsolidation or extinction of association
between CS and drugs.

Lasting efficacy of prazosin in the short period could not
be ruled out (Blanc et al., 1994); however, if the compound
were effective in testing sessions following intra PL infusion,
behavioral effects (extinction) should have been evident also in
mice treated non-contingently with exposure to the apparatus.
Moreover, post-retrieval treatment did not affect place preference
significantly, thus ruling out a possible interference with
consolidation of reconsolidation (Dudai and Eisenberg, 2004)

produced by intra-PL prazosin prior reactivation due to long-
lasting pharmacological action.

To evaluate neuroplastic adaptations we chose to analyze the
transcriptional modulation of BDNF and PSD-95 genes. BDNF
is a neurotrophin that is critically involved in the activity-
dependent regulation of synaptic structure and function and
thus it is considered a reliable marker of neuronal plasticity.
BDNF is released upon neuronal activation and exerts its
effect on synaptic strength, modulation of dendritic growth,
changes in spine density and morphology, by stimulation of
protein synthesis and transcription activity, which account for
its delayed effect (Carvalho et al., 2008). Interestingly BDNF-
induced neuroplasticity has been shown to induce extinction
(Rosas-Vidal et al., 2014).

PSD-95 is the most abundant scaffolding protein at mature
glutamate synapses and is essential for synaptic maturation and
plasticity (El-Husseini et al., 2000). BDNF signaling is known to
promote PSD-95 translation and trigger transport of PSD-95 to
the synapse where it contributes to the structural and functional
maturation of synapses (Yoshii et al., 2011).

In our experiment we assessed transcriptional expression
of BDNF and PSD-95 in mice that had extinguished CPP.
Specifically, we evaluated mRNA levels in PL and IL cortices and
NAc subdivision shell and core (areas of a prefrontal-accumbal
network modulating incentive salience and extinction).

The results showed that prazosin-treated mice having
extinguished preference showed an increase in BDNF mRNA
expression in NAc core, and an increase of PSD-95 in NAc
shell, in comparison with vehicle, while non-significant effects
on expression of BDNF or PSD95 were evident in PL and IL, or
in all punches of animals that were infused with the antagonist
non-contingently with reactivation, but in NAc shell where lower
BDNF levels were evident.

Overall these results indicate the NAc core and shell as
key target structures involved in the neuroplastic adaptations
mounted by PL cortex upon prazosin infusion and associated
with the facilitation of extinction. Interestingly, we found that in
NAc core the significative increase in BDNF mRNA levels was
associated to similar trend in PSD-95 accordingly to previous
reports (Li et al, 2013). This data could be interpreted in
light of the different role of the two molecules in neuroplastic
mechanisms. While BDNF indicates an ongoing neurotrophic
activity in neurons, PSD-95 indicates the morphological result of
neuroplasticity, consequence of BDNF activity and thus delayed
in time. The transcriptional modulation observed demonstrates
an active dynamics of neuroplasticity mechanisms induced by
PL-infused prazosin in NAc, despite the detection of mRNA
rather then protein, allows us only to speculate on the functional
direction of the differences observed.

These results, that can not rule out other different neural
plasticity effects in cortical functioning in our experimental
conditions, indicate that PL (target area of prazosin priming)
is likely to drive functional process in subcortical areas that
result in neuroplasticity changes strongly related to extinction of
Amph-induced CPP.

Indeed, BDNF and PSD95 expression increase was evident
only in animals that had extinguished, but not in vehicle matched
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after the extinction of amphetamine-induced CPP, in mice that received
non-contingent infusion of prazosin or vehicle in PL. The BDNF mRNA
expression level (relative expression levels = fold changes over vehicle,
normalized to GAPDH gene) was significantly decreased in the NAc shell of
Prazosin versus Vehicle-infused mice. *p < 0.05.
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FIGURE 9 | Postsynaptic density protein 95 (PSD-95) mRNA expression in
punches of IL and PL cortices, and NAc core and shell subregions, measured
after the extinction of amphetamine-induced CPP, in mice that received
non-contingent infusion of Prazosin or Vehicle in PL. Non-significant
differences were observed in PSD-95 mRNA expression level (relative
expression levels = fold changes over vehicle, normalized to GAPDH gene) in
either structure.

group or in mice that received prazosin out of the retrieval
session, namely non-contingently with exposure with the CPP
apparatus and that not extinguished yet preference for Amph
paired CS. It worth noting also that these effects were exposure-
dependent, a relevant result in the perspective of possible drug
assisted behavioral therapy pointed out by our preclinical model.

Moreover behavioral and molecular results are relevant since
they point out a possible “priming” effect of the antagonist that
suggests a potential therapeutic power (to be further ascertained),
given by efficacy of single or sporadic pharmacological (prazosin)
treatment with the huge advantage of limiting possible side effects
of a repeated treatment.

Note that al-AR stimulation was reported to induce
neuroplasticity (Sawaki et al., 2003; Neverova et al., 2007;
McElligott et al., 2010), therefore antagonists should be possibly

able to impair neuroplasticity processes induced by receptor
activation but is questionable that antagonists themselves
produce neuroplastic effects through receptor blockade per se.

A body of research of R.S. Duman and his associates has
addressed authoritatively the mechanisms of neural plasticity
induced by receptor antagonists. They have demonstrated that
two antagonists of NMDA or muscarinic receptor, ketamine
and scopolamine respectively, provided of clear antidepressant
properties, after acute intra-cortical infusion produce increased
glutamate transmission that is able to trigger neuroplasticity
mechanisms leading to long-lasting behavioral and synaptic
changes, also through BDNF. The action of acute (single)
administration is transient, and its effects on glutamate depend
on blockade of GABA interneurons tonic firing (Duman and
Aghajanian, 2012, 2014; Wohleb et al., 2017). Moreover, it has
been recently reported that acute ketamine infused in mPFC
modulate extinction of conditioned fear (Girgenti et al., 2017).

In these studies neuroplasticity effects occur in cortical
areas where drugs are infused, while our present results
show neuroplasticity occurring in NAc, although other neural
plasticity mechanisms not assessed here cannot be ruled-out.
These effects on NAc are consistent with a role of mesolimbic
system in modulation of salient stimuli and motivated behavior
characterizing CPP to a psychostimulant such that used in
our experiments. However, neural plasticity events are likely to
originate in the prefrontal cortex and need the animal to be
exposed to CS, as is clearly indicated by the results of prazosin
infusion non-contingently to the extinction process.

Similarly to what shown for ketamine and scopolamine,
we hypothesize that prazosin triggers mechanisms that
involves different neurotransmitters. This view is supported
by unpublished results obtained in reverse microdialysis
experiments showing that prazosin, in CPP extinction procedure,
increases dopamine outflow while decreases GABA levels in PL.
These effects could spur molecular events, possibly involving
glutamate, to promote neural and behavioral plasticity. It is
worth noting to mind that a possible increase of prefrontal
cortical dopamine by prazosin was hypothesized by Blanc and
coworkers a couple of decades ago (Blanc et al., 1994).

Thus it is conceivable that prazosin, possibly altering neural
events involving different neurotransmitters in close neurons in
PL or in distal neuron of areas connected with PL (e.g., NAc),
directly or through trans-neuronal feedback, is able to trigger
neuroplastic adaptations such those we observed here. Further
study could possibly elucidate this point.

Present results can involve the action of different factors.
NE transmission in prefrontal cortex is pivotal in acquisition
of motivational properties of different classes of rewarding and
aversive stimuli that spur NE release in this area (Ventura et al.,
2005, 2007, 2008). Moreover, exposure to appetitive CS can
induce prefrontal NE release and the magnitude of this release
is positively related to the salience of the US during the training
session (Mingote et al., 2004; Ventura et al., 2008). Note that
increased prefrontal NE release leads to increase of DA release
in the NAc and the paired prefrontal-accumbal catecholamine
are crucial in attribution of motivational salience involving highly
salient USs (Darracq et al., 1998; Ventura et al., 2003, 2005, 2007).
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Therefore, we hypothesize that repeated exposure to the
environment paired with Amph was able to increase NE
levels in mPFC in control (vehicle) animals, and that this
increase contributed to maintain the motivational properties
of CS fostering drug-seeking behavior. Conversely, acute intra-
PL prazosin blocked the effects of NE release on al-ARs
in animals exposed to Amph conditioned environment. This
resulted in blunting the motivational properties of CS and
reducing the persistence of CPP in following days, supported by
neuroplasticity processes as those observed in the NAc. Moreover,
it is well known that repeated non-reinforced exposure to the
CS reduces the CR leading to its extinction (Pavlov, 1927;
Berman et al., 2003). Accordingly, extinction is conceptualized
as a new context-dependent learning that competes with the
original learning to control motivation and behavior (Bouton,
2004; McNally, 2014). Therefore, during extinction trials,
the original association (Amph-CS) could have undergone a
substantial reduction of salience under prazosin action, due to the
antagonist-induced impairment of prelimbic NE transmission
following exposure to the CS.

Our results point to neuroplasticity effects in NAc, suggesting
a prefrontal-accumbal modulation of CS related motivational
salience. These effects may be due to prazosin blockade of
activation of postsynaptic Gq-coupled al-ARs and PKC that
have been shown to inhibit persistent activity of prefrontal
pyramidal neurons (Birnbaum et al., 2004), Therefore, it can
be hypothesized that prazosin in PL increases the activity of
pyramidal neurons in this area counteracting the hypoactivity
of mPFC possibly induced by both Amph administration and
conditioned NE release and thus sustaining the inhibitory
control over drug-seeking, a view that needs further study to be
ascertained.

In addition to this, a possible interplay between PL and IL
should be taken into account. Indeed, we have recently shown
that NE transmission modulates extinction of Amph-induced
CPP through a balance between PL and IL (Latagliata et al., 2016).
Therefore, exposure to Amph-paired environment in intra-PL
prazosin animals could have shifted the weight of NE in favor of
the IL, thus fostering the emergence of extinction trace that would
prevail in modulating behavioral outcome. Further experiments
could elucidate this point. However, it is worth noting that
we observed here changes in BDNF and PSD-95 expression in
both accumbal subregions core and shell that are well known
to be involved in motivation and in extinction also due to their
connections with PL and IL (Bouton, 2004; Miller and Marshall,
2004; Kalivas et al., 2005; Peters et al., 2009; Martin-Garcia et al.,
2014; McNally, 2014). Thus, it may be that prefrontal driven
modulation of NAc core and shell, resulting in BDNF and PSD-
95 expression, promote extinction of US-CS association and/or
blunt motivational salience of CS respectively.

Our present results leave a number of points open. Additional
specific molecular mechanisms involved in neuroplasticity could
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Murcia, Murcia, Spain

Our recent data have indicated that scopolamine, a non-selective muscarinic receptor
antagonist, improves memory consolidation, in a passive avoidance task, tested in
rats. It has been found that verapamil, a phenylalkylamine class of the L-type voltage-
dependent calcium channel antagonist, inhibits [3H] N-methyl scopolamine binding to
M1 muscarinic receptors. However, there are no data about the effect of verapamil
on memory consolidation in the passive avoidance task, in rats. The purpose of the
present study was to examine the effects of verapamil (0.5, 1.0, 2.5, 5.0, 10, or
20 mg/kg i.p.) as well as the interaction between scopolamine and verapamil on
memory consolidation in the step-through passive avoidance task, in Wistar rats. Our
results showed that verapamil (1.0 and 2.5 mg/kg) administered immediately after the
acquisition task significantly increased the latency of the passive avoidance response, on
the 48 h retested trial, improving memory consolidation. On the other hand, verapamil
in a dose of 5 mg/kg, that per se does not affect memory consolidation, significantly
reversed the memory consolidation improvement induced by scopolamine (1 mg/kg,
i.p., administered immediately after verapamil treatment) but did not change the passive
avoidance response in rats treated by an ineffective dose of scopolamine (30 mg/kg).
In conclusion, the present data suggest that (1) the post-training administration of
verapamil, dose-dependently, improves the passive avoidance response; (2) verapamil,
in ineffective dose, abolished the improvement of memory consolidation effect of
scopolamine; and (3) exists interaction between cholinergic muscarinic receptors and
calcium homeostasis-related mechanisms in the consolidation of emotional memory.

Keywords: memory consolidation, passive avoidance, verapamil, scopolamine, rat

INTRODUCTION

The influx of Ca?** through the L-type voltage-gated calcium channels (LVGCCs) promotes
several molecular processes that are engaged in learning and memory (Singewald et al., 2015; Bas-
Orth et al., 2016; Sachser et al., 2016; Michalak and Biala, 2017; Wiera et al., 2017). Age-related
memory loss as well as memory impairment in neurodegenerative and psychiatric diseases has
been related to the LVGCCs dysfunction with consequent dysregulation of calcium homeostasis

Frontiers in Pharmacology | www.frontiersin.org 17

August 2017 | Volume 8 | Article 566


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
https://doi.org/10.3389/fphar.2017.00566
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphar.2017.00566
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2017.00566&domain=pdf&date_stamp=2017-08-23
http://journal.frontiersin.org/article/10.3389/fphar.2017.00566/abstract
http://loop.frontiersin.org/people/398124/overview
http://loop.frontiersin.org/people/396936/overview
http://loop.frontiersin.org/people/396941/overview
http://loop.frontiersin.org/people/5914/overview
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Giménez De Béjar et al.

Memory Consolidation: Verapamil-Scopolamine Interaction

(Barad, 2003; Thibault et al., 2007; Berger and Bartsch, 2014;
Yoshimizu et al., 2015; Zanos et al., 2015).

Initially, LVGCCs antagonists, such as benzothiazapines
(e.g., diltiazem); dihydropyridines (e.g., amlodipine, felodipine,
isradipine, nicardipine, nifedipine, nimodipine, and nisoldipine),
diphenylalkylamines (e.g., flunarizine), and phenylalkylamines
(e.g., verapamil), were defined as vasodilator, antiarrhythmic, and
antianginal agents (Godfraind, 2017). Nowadays, LVGCCs are
recognized for the treatment of central nervous system disorders
like bipolar disorder (Cipriani et al., 2016), epilepsy (Nicita et al.,
2016), and headache (Tfelt-Hansen and Tfelt-Hansen, 2009) with
perspective to be also used for the treatment of Parkinson’s
disease (Stayte and Vissel, 2014; Surmeier et al., 2017), mood
disorders (Kabir et al., 2017), and dementia (Nimmrich and
Eckert, 2013).

In comparison to other LVGCCs antagonists, verapamil effects
on memory formation are highly inconsistent. Its effect is not
only dependent on dose, duration of the treatment, and memory
trace phase, but also on memory task performance and species.
In mice, acute verapamil treatment improves acquisition in
passive avoidance and elevated plus maze tasks (Biala et al.,
2013; Michalak and Biala, 2017) while does not affect acquisition
in conditioned avoidance response, T-maze, and linear maze
tasks (Malekar et al., 1999; Quartermain and Garcia de Soria,
2001; Quartermain et al., 2001). It has been found that acute
verapamil treatment impairs familiarity discrimination and
perirhinal plasticity, in rats (Seoane et al., 2009). Rats exposed
for prolonged period to a high dose of verapamil (50 mg/kg)
impaired passive avoidance learning, while lower doses applied
either acutely or chronically did not affect passive avoidance
performance (Lazarova-Bakarova et al., 1997; Lashgari et al,,
2006). The chronic verapamil treatment in rats does not modify
acquisition but prejudices retention of the radial maze task
(Borroni et al., 2000; Woodside et al., 2004).

Memory consolidation is a fragile part of memory traces
that occurs immediately after a learning event and lasts for
several hours. In this period, the synthesis of plasticity-related
proteins and consequent changes in synaptic strength bring
to long-term memory storage in the brain (McGaugh, 2000;
Kandel, 2001). Previous studies based on pharmacological
modulation of cholinergic transmission by scopolamine, non-
selective antimuscarinic agent, reported that scopolamine either
does not interrupt (Elrod and Buccafusco, 1988; Cruz-Morales
et al,, 1992; Roldan et al., 1997; Mishima et al., 2001), impairs
(Doyle and Regan, 1993; Sigala et al., 1997; Murphy et al., 2001;
Hefco et al., 2003; Foley et al., 2004; Gutierres et al., 2012;
Popovic et al.,, 2015), or even improves memory consolidation
(Popovi¢ et al, 2015), in rats tested in the passive avoidance
task. The improving effect was only obtained if scopolamine
was administered within 6.5 h after learning and when animals
were tested 48 h after acquisition (Popovic et al., 2015). Systemic
post-training treatment with verapamil impairs habituation in
rats exposed to the open filed task (Popovic et al., 2016), but in
mice preserves memory consolidation in the passive avoidance
(Quartermain et al., 1993; Masoudian et al., 2015) and improves
retention in the linear maze and elevated plus maze tasks (Biala
etal., 2013).

It has been suggested by Quartermain et al. (2001) that the
lack of consistency in verapamil effects on memory formation
could be due to its number of side effects. Verapamil shares
a vasodilatory effect with other LVGCCs antagonists, but
together with diltiazem expresses depressant effect on heart
rate (van Zwieten and Pfaffendorf, 1993; Noll et al., 1998).
Moreover, verapamil tends to suppress the activity of sympathetic
nervous system (Noll et al, 1998). Besides, verapamil does
not block only LVGCCs channels (being Cavl.2 channels more
sensitive than the Cav1.3 ones), but also Cav2.1, Cav2.2, Cav2.3,
and Cav3.2 channels too (Ishibashi et al., 1995; Cai et al,
1997; Dobrev et al, 1999; Tarabova et al., 2007; Kuryshev
et al, 2014). It has been demonstrated that in several brain
regions (e.g., cerebral cortex, hippocampus, and hypothalamus),
verapamil acts as an antagonist of muscarinic (Baumgold,
1986; Popova et al., 1990), serotoninergic (Taylor and Defeudis,
1984; Adachi and Shoji, 1986; Green et al, 1990; Popova
et al, 1991; Shad and Saeed, 2007), dopaminergic (Sitges and
Guarneros, 1998), a- and P-adrenergic (Galzin and Langer,
1983; Staneva-Stoytcheva et al, 1990, 1992), and GABAergic
receptors (Staneva-Stoytcheva et al., 1991). In contrast to dose-
dependent increase of serotonin and dopamine release, verapamil
completely abolishes norepinephrine release in rat hippocampal
synaptosomes (Sitges and Reyes, 1995). Aside from these actions
on neurotransmission, verapamil is a standard P-glycoprotein
inhibitor (Bendayan et al., 2002) and small conductance calcium-
activated potassium channels (SK channel) antagonist (Tao et al.,
2013).

The relationship between calcium homeostasis, cholinergic
system activation and learning and memory, remains to be
completely elucidated. Our previous studies indicated that
acute and chronic verapamil treatment could ameliorate
morphological, physiological, cognitive, and non-cognitive
behavioral dysfunctions in rats with cholinergic depletion,
suggesting possible relations between cholinergic function and
calcium metabolism (Popovi¢ et al., 1997a,b,c, 1998a,b, 1999,
2006; Caballero-Bleda et al., 2001). Similarly, Sekhar et al. (2016)
demonstrated that verapamil improves scopolamine-induced
memory impairment in elevated plus maze and novel object
recognition tests. Although evidence exists that verapamil, at the
subthreshold, ineffective dose, significantly blocks the improving
effect of nicotine on memory consolidation in the elevated plus
maze task (Biala et al., 2013), there are no data whether verapamil
can modify scopolamine effects on memory consolidation. The
aim of the present study was to evaluate the effect of verapamil as
well as the interaction between cholinergic muscarinic receptors
and calcium homeostasis on memory consolidation, in the
passive avoidance task, in rats.

MATERIALS AND METHODS

Experimental Animals

Experiments were carried out on male Wistar rats (200-250 g).
The animals were housed in standard Makrolon cages on sawdust
bedding. They were kept in an air-conditioned room (20 £ 1°C),
at 30% humidity, and under a 12 h light/12 h dark cycle (lights
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on from 08:00 to 20:00 h). Food and tap water were available
ad libitum. Before the passive avoidance performance, each rat
was handled daily for 5 min during 1 week. The handling and
the passive avoidance test were performed between 16:00 h and
20:00 h.

The animal maintenance and experiments were performed in
accordance with the European Communities Council Directive
of 24 November 1986 (86/609/EEC) and the guidelines issued
by the Spanish Ministry of Agriculture, Fishing and Feeding
(Royal Decree 1201/2005 of 21 October 2005). All procedures
with animals were approved by the Animal Ethics Committee of
the University of Murcia. Efforts were made to minimize animal
suffering and the number of animals used.

Drugs

Verapamil and scopolamine hydrobromide were provided by
Sigma, St. Louis, MO, United States. Saline solutions of verapamil
(0.5, 1, 2.5, 5, 10, or 20 mg/kg), scopolamine hydrobromide
(I mg/kg and 30 mg/kg), or their combination (5 mg/kg
of verapamil followed by 1 mg/kg of scopolamine) were
administered intraperitoneally. Control animals were treated
intraperitoneally with physiological saline at the dose of 1 ml/kg
body weight.

Passive Avoidance Test

The passive avoidance testing was done in an automatically
operated commercial Passive Avoidance Apparatus (step-
through cage 7550; Ugo Basile, Comerio, Italy). The passive
avoidance step-through cage was divided into two equal
size compartments (insight dimension 22 cm long x 21 cm
wide x 22 cm high, each): START (white and illuminated by
a 24 V-10 W bulb) and ESCAPE (black and dark). The two
compartments are divided by a partition which embodies an
automatically operated sliding door at the floor level. On day
1, each rat was exposed to the exploration trial, by placing it in
the START chamber (door closed and shock disconnected) and
allowed to explore it for 100 s. After that the door was opened,
the rat was allowed to enter into the ESCAPE chamber, and
when all four paws were in, the automated slide door was closed.
The maximum latency to pass from the START to the ESCAPE
compartment was set to 60 s. After 10 s, the rat was removed
from the ESCAPE compartment and returned to its home
cage. On day 2 (acquisition trial), when the rat entered into the
ESCAPE compartment, the door was closed and a 1.0 mA shock
was delivered for 5 s. Ten seconds later on, the rat was removed
from the ESCAPE compartment, drug administered (saline,
verapamil, scopolamine, or verapamil followed by scopolamine
treatment), and returned to its home cage. According to the
latency period to enter into the ESCAPE compartment on day 1
and sensitivity to the shock (vocalization and jumping response)
on day 2, the animals were assigned into 11 groups; thus, there
were no significant differences between groups. Eight animals
were assigned in each tested group. Forty-eight hours after the
acquisition trial, the retention trial was carried out. The test
was performed in a similar way to the acquisition trial, but no
shock was given. The cage catch pan, grid floor, and side walls
were cleaned with 70% ethanol before each animal was tested.

The most often cut-off times used in the passive avoidance
test are 180, 300, and 600 s. In the present study, the cut-off
time for the entrance of the rat into the dark compartment was
9 min (maximum time allowed by the used apparatus). The
longer cut-off time is when the individual differences become
more apparent (Sahgal, 1993). Therefore, for better drug effect
discrimination, three cut-off times (180, 300, and 540 s) were
analyzed for each animal and group.

Statistical Analysis

The statistical analysis was made using the SPSS 19.0 statistical
package. The data are presented as mean =+ standard error of
the mean (SEM). The effects of verapamil or scopolamine on the
step-through latency were analyzed with the one-way ANOVA,
followed by the least significant difference (LSD) post hoc test.
The two-tailed Student’s ¢-test for independent samples was used
to analyze the effect of combined verapamil and scopolamine
treatments. Differences were considered statistically significant if
p <0.05.

RESULTS

On the 48 h retention trial of the passive avoidance test, using
a maximum cut-off time of 540 s, the one-way ANOVA test
showed significant dose-dependent effect of verapamil on the
step-through latency (Fs 49) = 2,483, p = 0.036; Figure 1C).
In animals treated with verapamil at the doses of 1 and
2.5 mg/kg, the step-through latency on the 48 h retention trial
was significantly higher in comparison to the groups treated
with saline (p = 0.037 and p = 0.012, respectively), verapamil
in the dose of 0.5 (p = 0.029 and p = 0.009, respectively) and
20 mg/kg (p = 0.028 and p = 0.009, respectively). Moreover,
animals treated with verapamil at the dose of 2.5 mg/kg showed
higher step-through latency in comparison to the animals treated
with verapamil at the dose of 10 mg/kg (p = 0.05). Although
employing a 300 s cut-off time, the one-way ANOVA test
showed no significant dose-dependent effect of verapamil on the
step-through latency (Fs49) = 1,512, p = 0.194), there were
significant differences between animals treated with verapamil in
the dose of 2.5 mg/kg and animals treated with saline (p = 0.043),
verapamil in the doses of 10 and 20 mg/kg (p = 0.034 and
p = 0.040, respectively; Figure 1B). Applying a 180 s cut-off time,
the one-way ANOVA test showed no significant dose-dependent
effect of verapamil on the step-through latency (F(s 49y = 1,132,
p = 0.358; Figure 1A).

The one-way ANOVA test did not showed significant dose-
dependent effect of scopolamine on the step-through latency,
utilizing 180, 300, and 540 s cut-off time (F(221) = 0.472,
p=0.630; F(2.21) = 1,074, p = 0.360; and F(5 51) = 2.995, p = 0.72,
respectively) (Figures 2A-C). However, when evaluating at 540 s
cut-off time, the step-through latency was significantly higher
in animals treated with scopolamine in the dose of 1 mg/kg,
in comparison to those treated with saline and scopolamine in
the dose of 30 mg/kg (p = 0.045 and p = 0.047, respectively;
Figure 2C). The animals treated by the combined treatment of
scopolamine (1 mg/kg) and verapamil (5 mg/kg) significantly
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FIGURE 1 | Effect of 0.5, 1, 2.5, 5, 10, and 20 mg/kg of verapamil (VER-0.5, VER-1, VER-2.5, VER-5, VER-10, and VER-20, respectively), administered i.p.,
immediately after the acquisition trial, on the 48 h retention trial, in the passive avoidance task, in conditions of 180 (A), 300 (B), and 540 s (C) cut-off latency. The
data are presented as mean =+ standard error of the mean (SEM). C-compared to VER-1 and d-compared to VER 2.5; *p < 0.05, **p < 0.01.

reduced the step-through latency in comparison to the group
treated only by scopolamine (1 mg/kg) (+ = 2.219, df = 14,
p = 0.044; Figure 2C).

DISCUSSION

It has been demonstrated that verapamil treatment in the dose
of 20 mg/kg does not modify, but that in the dose range from
1 to 10 mg/kg significantly improves consolidation of spatial
memory in the linear maze task, in mice (Quartermain et al.,

2001). In the elevated plus maze task, only mid-doses used of
verapamil (5 and 10 mg/kg) display enhancement effect on spatial
memory consolidation, in mice (Biala et al., 2013). The present
data indicated that verapamil at the doses of 1 and 2.5 mg/kg,
but not at the doses of 0.5, 5, 10, and 20 mg/kg, improved
memory consolidation of rats tested in passive avoidance task,
confirming the inverted U-shape dose-response curve of its
action on memory consolidation. In contrast to the present study,
Quartermain et al. (2001) and Masoudian et al. (2015) found
that the post-training treatment with verapamil (1, 2, 10, and
20 mg/kg and 1, 2.5, 5, 10, and 20 mg/kg, respectively) did not
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change the retention of the passive avoidance task in mice. The
discrepancies between data obtained in passive avoidance studies
could be attributed to the species utilized (mice vs. rats), shock
intensity (0.1 or 0.5 vs. 1 mA), duration of the shock (1 or 2 vs.
5 s), acquisition-retention interval (24 or 48 h), as well as the
duration of the retention trial applied (400 vs. 540 s).

Glick and Zimmerberg (1971) and Rush (1988) showed
that scopolamine in higher dose (10-30 mg/kg) impaired
memory consolidation in mice tested in the passive avoidance
task. The same authors demonstrated that the dose-dependent
impairment is related to the duration of the cut-off latency

(180, 300, or 600 s), such as longer cut-off latency and lower
scopolamine dose are necessary to induce memory impairment.
To discard the influence of the cut-off latency time, in the present
study we also performed statistical analyses with two shorter
frequently used cut-off latency periods (180 and 300 s). Our data
suggest that verapamil administered in the dose of 2.5 mg/kg
significantly improved memory consolidation in the passive
avoidance task, when 300 and 540 s cut-off time were utilized.
In contrast, scopolamine in the dose of 1 mg/kg improved
memory consolidation when 540 s (Popovi¢ et al., 2015), but
not when shorter (180 and 300 s) cut-off time was employed.
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On the other hand, 30 mg/kg of scopolamine (independent of
the cut-off latency time) applied in the present study, as well as
50 mg/kg of it, used by Anagnostaras et al. (1999), did not modify
memory consolidation in rats tested in the passive avoidance
and fear condition tasks, respectively. These results imply that
optimal level of cholinergic neuronal firing, crucial for memory
formation, is not only task (Hasselmo and McGaughy, 2004;
Hasselmo and Sarter, 2011) but could be also species depending.

The mechanism by which verapamil facilitates or impairs
consolidation of emotional memory is still unclear. Findings
obtained in Cavl.2 knockout mice argue against the role of
the Cavl.2 channels in the consolidation of emotional memory
(McKinney et al., 2008). On the other hand, impaired ability of
Cavl.3 knockout mice to consolidate contextually conditioned
fear but with preserved consolidation in the hidden platform
version of the Morris water maze test reveals that the deficits
observed in these mice are the result of a disruption of neuronal
function within the amygdala (McKinney and Murphy, 2006).
Given an inverted U-shape dose-response curve of the verapamil
action, Biala et al. (2013) proposed that its action could be due to
modulation rather than a complete blockade of LVGCCs (Biala
et al., 2013). The facts that: (1) CaV1.2 subtypes are blocked at
much lower doses of verapamil in comparison with the CaV1.3
subtypes (Tarabova et al., 2007); (2) higher doses of LVGCCs
blockers are required to effectively inhibit brain CaV1.2 and
CaV1.3 channels (Helton et al., 2005; Zamponi et al., 2015); and
(3) hypotension could improve memory consolidation in the
passive avoidance task (Haile et al., 2012), suggest the possibility
that outcomes of low doses verapamil treatment, on the passive
avoidance consolidation, could be attributed to its effect on the
cardiovascular system rather than to the effect on neurons and
most likely modulated via CaV1.2 subtypes of LVGCCs.

In view of the facts that verapamil can block SK channel (Tao
et al, 2013) and that the blockade of SK2 channels, immediately
after the training, enhanced contextual fear memory (Murthy
et al,, 2015), it could be expected that the effect of verapamil is
partially due to the action on these channels, too. On the other
side, verapamil expresses both a; and oy adrenergic receptor
blocking activity (Miiller and Noack, 1988) and blocking of the
ay adrenergic receptor subtype improves memory consolidation
in the passive avoidance task (Ferry et al., 2015).

Other potential mechanism of verapamil effects on memory
consolidation could be related to its antagonistic action on
cholinergic receptors. Biala et al. (2013) demonstrated that
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Protective Effects of Sodium
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Benzoate in a Rodent Model of
Global Cerebral Ischemia

Yuan Gao’, Miao Li’, Yan Wang', Zhengqi Li', Chenyu Fan', Zheng Wang’, Xinyu Cao’,
Junbiao Chang?* and Hailing Qiao™*

" Institute of Clinical Pharmacology, Zhengzhou University, Zhengzhou, China, ? College of Chemistry and Molecular
Engineering, Zhengzhou University, Zhengzhou, China

The aim of the current study was to explore the protective effects of sodium (4)-5-
bromo-2-(a-hydroxypentyl) benzoate (brand name: brozopine, BZP) in a rat model of
global cerebral ischemia. The rat model was established using a modified Winocur’s
method; close postoperative observation was conducted at all times. Neurological
function was detected through prehensile traction and beam-walking test. BZP reduced
mortality and prolonged the survival time of rats with global cerebral ischemia, within
24 h. There was a decreased survival rate (60%) in the Model group, while the survival
rate of the BZP (8 and 12 mg/kg) remarkably increased the survival rate (to 80 and
90%, respectively), in a dose-dependent manner. Compared with the Model group
(survival time: 18.50 h), the administration of BZP (0.75, 3, and 12 mg/kg) prolonged the
survival time (to 20.38, 21.85, and 23.90 h, respectively), particularly in BZP 12 mg/kg
group (P < 0.05). Additionally, the BZP (12 mg/kg) group exhibited an improvement in
their motor function (P < 0.05). The BZP groups (0.75, 3, and 12 mg/kg) displayed
significantly reduced necrosis and the percentage of apoptotic cells (P < 0.05 and
P < 0.01, respectively). Compared with Model group, BZP (0.75, 3, and 12 mg/kg)
increased the NeuN optical density values (P < 0.01). Rats with global ischemia had
a high expression of Cyt-c, caspase-3, and the Bax/Bcl-2 ratio compared with sham
group (P < 0.01). BZP (0.75, 3, and 12 mg/kg), however, reduced the expression of Cyt-
¢, caspase-3, and the Bax/Bcl-2 ratio, in a dose-dependent manner (P < 0.01). There
was low expression of p-Akt and PI3K in Model group, compared with the sham group
(P < 0.01). Meanwhile, BZP (0.75, 3, and 12 mg/kg) increased the expression of p-Akt
and PI3K in a dose-dependent manner (P < 0.01). We also found the expression of
Cyt-c, caspase-3, Bax/Bcl-2 ratio, PISK, p-Akt, and comprehensive score were directly
related. In conclusion, BZP had therapeutic potential and prevented stroke in rat model
of global cerebral ischemia. The underlying mechanisms may be related to the inhibition
of apoptosis and activation of the survival-signaling-pathway.

Keywords: brozopine, global cerebral ischemic rat, neurological function, apoptosis, survival
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INTRODUCTION

Sodium (&£)-5-bromo-2-(a-hydroxypentyl) benzoate (BZP),
which is derived from 1-3-n-butylphthalide (NBP), has a
chemical structure that is similar to aspirin. NBP was developed
as an anti-cerebral ischemic agent in 2002, in China. Although
it was widely used, with good clinic results, increasing reports
of adverse reactions such as coagulopathy, gastrointestinal
irritation, and liver dysfunction, led to its discontinuation.
We designed and synthesized a series of NBP derivatives.
The activities of all compounds have been evaluated in vitro
(Wang et al.,, 2010). Our previous studies demonstrated that
3-butyl-6-bromo-1(3H)-isobenzofuranone (Br-NBP) had
anti-hydrogen peroxide-induced damage in PCI12 cells and
anti-platelet aggregation effect in vitro or in vivo on rats (Gao
et al, 2010; Ma et al., 2012). Based on our previous findings,
BZP played a neuroprotective role against focal cerebral
ischemia-reperfusion injury in rats, via anti-apoptosis and
anti-inflammation mechanisms, and the promotion of synaptic
plasticity (unpublished data). Currently, BZP is used in Phase I
clinical trials with encouraging efficacy results. The preventive
and therapeutic effects of BZP on a rat model of global ischemia
injury have not yet been studied. In this context, we investigated
the modulatory effects of BZP on rats following global ischemia
injury.

Ischemia injury of brain tissue triggers many cellular complex
mechanisms, including excitotoxicity, depolarization, oxidative
stress, inflammation, and apoptosis, in addition to many other
physiological and pathological processes (Ayuso et al., 2017; de la
Tremblaye et al., 2017). Apoptosis is one of the major pathways
associated with the activation of a genetic program in which
apoptosis effector genes promote cell death, while repressor genes
enhance cell survival in cerebral ischemia injury (Yin et al,
2017). Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) staining detects DNA fragmentation,
which is one of the hallmarks of apoptosis. Two important
groups of proteins in the apoptotic cascades are members of
the B-cell lymphoma-2 (Bcl-2) family and classes of caspases
(Kim et al., 2017). The Bcl-2 family can be classified into the
following functionally distinct groups: anti-apoptotic proteins
and pro-apoptotic proteins. Bcl-2, an anti-apoptotic protein,
regulates apoptotic pathways and protects against cell death. Bcl-
2-associated X protein (Bax), a pro-apoptotic protein of the Bcl-2
family that is highly and selectively during apoptosis, promotes
cell death (Pena-Blanco and Garcia-Saez, 2017). Caspase-3 is one
of the key executors of apoptosis, and the activation of caspase-3
is implicated in apoptotic neuronal cell death in animal models
of stroke (Hwang et al., 2013). The rapid translocation of Bax
during cerebral ischemia activates the release of cytochrome

Abbreviations: ASA, aspirin; Bax, Bcl-2-associated X protein; Bcl-2, B-cell
lymphoma-2; Br-NBP, 3-butyl-6-bromo-1(3H)-isobenzofuranone; BZP, sodium
(£)-5-bromo-2-(a-hydroxypentyl) benzoate, brozopine; Cyt-c, cytochrome
¢; DNA, deoxyribonucleic acid; HE, hematoxylin and eosin; NBP, 1-3-n-
butylphthalide; NBP-K, potassium 2-(1-hydroxypentyl)-benzoate; NeuN,
neuronal nuclei; NF-kB, nuclear factor kappa B; PI3K, phosphatidylinositol-3
kinase; SD, Sprague Dawley; TNF-a, tumor necrosis factor alpha; TUNEL,
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; 2VO,
two-vessel occlusion; 6VO, six-vessel occlusion.

¢ (Cyt-c) from the mitochondria, which activates the caspase
cascade, leading to apoptosis. The phosphatidylinositol-3 kinase
(PI3K)/Akt pathway is a central mediator in signal transduction
pathways involved in cell growth, cell survival, and metabolism.
It plays a pivotal role in the defense against various neuronal-
damaging insults (Wang et al.,, 2014; Ju et al., 2015; Yang et al.,
2015).

MATERIALS AND METHODS

Chemicals

BZP and Br-NBP were synthesized at the Department of
Chemistry, Zhengzhou University. The purities of the
compounds were 99.4 and 99.8%, respectively. Potassium
2-(1-hydroxypentyl)-benzoate (NBP-K) was purchased from
the National Institutes for Food and Drug Control, China.
Hematoxylin and eosin (HE) were purchased from Beijing
Zhongshan Co., China. Anti-NeuN antibody was purchased
from Millipore Co., United States. Mouse monoclonal antibody
to Bax, rabbit polyclonal antibody to Bcl-2, rabbit monoclonal
antibody to caspase-3, rabbit anti-mouse immunohistochemistry
kits to Cyt-c, rabbit polyclonal antibody to PI3K, rabbit
polyclonal antibody to p-Akt and TUNEL kits were all purchased
from Wuhan Boster Biological Technology Co., China.

Animals

A total of 70 male Sprague Dawley rats (7 weeks old, weighing
220-300 g) were purchased from the Laboratory Animal Center
of Henan province. The animals were housed under controlled
environmental conditions (lights on from 6:00 am to 6:00 pm,
temperature: 24-26°C, relative humidity: 50-60%) and allowed
access to a commercial rat chow and tap water ad libitum. The
animals were allowed to adapt to the environment for at least
1 week. The rats were fasted 12 h prior to the experiments. All
animal experiments were approved by the institutional guidelines
of the Experimental Animal Center of the Chinese Academy of
Medical Science (certification number: SCXK 2010-0002).

Global Ischemia Model

The rats were anesthetized using 10% chloral hydrate, fixed on the
constant temperature mouse board, and the body temperature
was maintained at 36.5~37.5°C. Modified Winocur’s (Winocur
et al.,, 2013) two vessel blocking method of acute global ischemia
model (two-vessel occlusion, 2VO), which were established by
permanent ligation of bilateral common, internal, and external
carotid arteries (six-vessel occlusion, 6VO) (Li et al., 2015).
Sham animals received only separate exposure bilateral common
carotid artery, external carotid artery, internal carotid artery,
which were not ligated or cut.

Experimental Setup

Once the ischemic model was established, the rats were
divided into the following seven groups: sham group, model
group, BZP-treated group (0.75, 3, and 12 mg/kg/day), Br-NBP
(10.5 mg/kg/day), and NBP-K group (9.6 mg/kg/day, n = 10).
The sham group and model group received daily intravenous
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NBP-K 9.6 mg/kg (N=10)

FIGURE 1 | The study design.

The TUNEL-staining
The neuronal nuclei staining

Immunohistochemistry

doses of the same amount of normal saline and other groups were
administered the corresponding drug in the same way. Among
these groups, BZP 12 mg/kg, Br-NBP 10.5 mg/kg, and NBP-K
9.6 mg/kg were equimolar doses. According to the design of the
study, as presented in Figure 1.

Mortality

The postoperative behavioral performances and number of
deaths were observed and recorded. Following death, the rats
brain tissues was analyzed for the relevant indicators so that the
ischemic injuries could be described quantitatively.

Behavioral Assessment

The behavioral assessment was performed under standard
laboratory conditions (temperature: 22-24°C and relative
humidity: 45-50%) by a research who was blinded to the rats’
experimental groups after 1, 4, 12, and 24 h post-operation.

Beam-Walking Test (Urakawa et al., 2007)

Rats were trained to walk on a wooden beam
(25 cm x 2.5 cm x 80 cm), which was elevated 60 cm
above the floor, to reach their home cage. Their performance was
evaluated using a modified scale: score 0, the rat traversed the
beam with no foot slip; score 1, the rat traversed while grasping
the lateral side of the beam; score 2, the rat showed walking
disability on the beam but could traverse it; score 3, the rat
took a considerable amount of time to traverse the beam due
to difficulty walking; score 4, the rat was unable to traverse the
beam; score 5, the rat displayed difficulty in moving the body or
any limb on the beam; score 6, the rat was unable to stay on the
beam for 10 s.

Prehensile Traction Test (Hattori et al., 2000)
Rats were trained to grab a wire (with a diameter and the
length 0.15 and 100 cm, respectively). The wire was elevated

70 cm above the floor and placed over a 5-cm-thick foam pad
in case the rats fell. After placing the front paws on the wire,
we recorded the time latency until the rat lost hold of the
wire. The performance was evaluated on a four-grade score:
score 0, hanging on the wire over 5 s and the hind legs placed
on the ropes; score 1, hanging on the wire over 5 s; score 2,
hanging on the wire for 3-4 s; score 3, hanging on the wire
for 0-2s.

Immunohistochemistry

Following the behavioral assessment test, the rats’ brains were
removed and immersed in 4% paraformaldehyde with 1 M
phosphate buffer, for 48 h. Therefore it was embedded in
paraffin, and five groups of 4- to 6-pm-thick sections were
prepared for immunostaining and incubated with primary
antibodies against Cyt-c, caspase-3, Bax/Bcl-2, p-Akt, or
PI3K, followed by incubation with the appropriate secondary
antibody.

Statistical Analysis

Graphs were generated using GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, United States). The Student’s unpaired
t-test, and one-way analysis of variance with Dunnett’s post hoc
test were performed to statistical analyze of the data. Statistical
significance was set at criterion P < 0.05. The data are presented
as the mean =+ standard deviation.

RESULTS

BZP Increased the Survival Rate,
Prolonged the Survival Time in a Rat of

Global Cerebral Ischemia within 24 h

The global cerebral ischemia model was established using the
modified Winocur’s method on rats. Close postoperative
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FIGURE 2 | The effect of BZP, within 24 h, on survival rate and survival time in
a rat model of global cerebral ischemia. The x-axis represents the hour of
administration.

observation was maintained at all times. As shown in
Figure 2, 24 h later, there was a decreased survival rate
(60%) in the Model group, while the survival rate of the
BZP (3 and 12 mg/kg) remarkably increased the survival
rate (to 80 and 90%, respectively), in a dose-dependent
manner. Compared with the model group (survival time:
18.50 h), the administration of BZP (0.75, 3, and 12 mg/kg)
prolonged the survival time (to 20.38, 21.85, and 23.90 h,
respectively), particularly in BZP 12 mg/kg group (P < 0.05).
These results demonstrated that BZP increased the survival
rate and prolonged the survival time in rats with global
ischemia.

Behavioral Testing

Following BZP administration, the rat’s prehensile traction
and beam-walking ability were assessed to directly investigate
the effect of BZP on functional recovery. Compared with
the sham group, which exhibited an intact performance, the
cerebral lesions in the rats with global cerebral ischemia caused
behavioral deficits, as evidenced by a reduced time on the
beam in the beam-walk test. In contrast, rats in the BZP
groups remained on the beam for longer, compared with

the Model group. Moreover, in the prehensile traction test,
compared with the Model group, rats that were treated with
various doses of BZP spent significantly more time on the rope
an increase was observed in rats treated with different doses
of BZP. There were significant differences in the time spent
on the rope (P < 0.05). Additionally, the BZP (12 mg/kg)
group exhibited an improvement in their motor function,
which was more prevalent than in the NBP-K (9.6 mg/kg)
and Br-NBP (10.5 mg/kg) groups. A significant group effect
in the grip strength was observed at hours 4, 12, and 24,
while rats treated with BZP (0.75, 3, and 12 mg/kg) achieved
significantly lower scores than the other experimental groups
(Figure 3).

Histological Alterations

HE staining was performed at 24 h after BZP administration to
observe its effect on the morphology of hippocampal neurons. As
shown in Figure 4, typical neuropathological changes, including
neuronal loss and nucleus shrinkage or disappearance were
observed in the CAl of the hippocampus in Model group.
Further, there was a reduction in the density of healthy neuron
cells in the CA1 region in the Model group compared with the
sham group (P < 0.01). The BZP groups (0.75, 3, and 12 mg/kg)
displayed significantly reduced necrosis (P < 0.05 and P < 0.01,
respectively).

BZP Inhibited Neuronal Apoptosis in a
Rat Model of Global Ischemia

TUNEL staining reveals apoptosis-positive cells, which have
the following features: cell body shrinkage, nuclear pyknosis,
nuclear fragmentation, and the formation apoptotic bodies. In
comparison with Model group, as shown in Figure 5A, the
percentage of apoptotic cells had significantly decreased with
BZP (0.75, 3, and 12 mg/kg; P < 0.01). In addition, NeuN-
expressing mature neurons were absent in the brain tissue after
the induction of global ischemia. Compared with model group,
as shown in Figure 5B, BZP (0.75, 3, and 12 mg/kg) increased
the NeuN optical density values (P < 0.01). BZP (12 mg/kg)
was better than NBP-K group (P < 0.01) and Br-NBP group
(P < 0.01).
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FIGURE 3 | The neurological deficits score on pre-ischemic treatment with BZP in rats with global ischemia. (A) Prehensile traction test. (B) Beam-walking test. The
Xx-axis represents the hour of administration, while the y-axis represent the prehensile traction score and beam-walking score. N* is the number of survival animals

The beam walking test score

Sham

Model

NBP-K

Br-NBP

BZP 0.75 mg/kg
BZP 3 mgkg
BZP 12 mgkg

Hour

Frontiers in Pharmacology | www.frontiersin.org

129

September 2017 | Volume 8 | Article 691


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Gao et al. Protective Effects of BZP in Cerebral Ischemia

100+

o0

o

1
[ I
[ g

I
£

60

I
*

404

‘The percent of necrotic neurons

[=T=
(4]
Ity =

FIGURE 4 | The effect of BZP on morphologic changes in the CA1 region of the hippocampus in rats with global ischemia. The total number of necrosis cells was
counted in five distinct areas of the hippocampus under the microscopic field (magnification x200) in each group. (A,B) The different groups are as follows: (a)
Sham, (b) Model group, (c) NBP-K (9.6 mg/kg), (d) Br-NBP (10.5 mg/kg), and (e—g) BZP (0.75, 3, and 12 mg/kg, respectively). Data were presented as

mean =+ standard deviation. A one-way analysis of variance was used to determine if the differences between the groups were statistically significant. **P < 0.01 vs
Sham group; #P < 0.05, #P < 0.01 vs Model group; 4P < 0.05, 44P < 0.01 vs NBP-K group; 4P < 0.05, 24P < 0.01 vs Br-NBP group. Arrows show that nerve
cells sparse, irregular, even disappeared, nucleus shrinkage with neuronal necrosis.
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FIGURE 5 | Images of the expression of neuronal nuclei and apoptosis, following pretreatment with BZP, in ischemia-induced rats. Total number of apoptotic cells
and neuronal nuclei was counted in five distinct areas of the ischemic penumbra under a microscopic field (magnification x 200), in each group. (A) TUNEL-staining.
(B) Neuronal nuclei staining. The different groups are as follows: (a) Sham, (b) Model group, (c) NBP-K (9.6 mg/kg), (d) Br-NBP (10.5 mg/kg), and (e-g) BZP (0.75, 3,
and 12 mg/kg, respectively). Data were presented as mean + standard deviation. A one-way analysis of variance was used to determine if the differences were
statistically significant. **P < 0.01 vs Sham group; *P < 0.05, P < 0.01 vs Model group; 4P < 0.05, 4AP < 0.01 vs NBP-K group; 2P < 0.05, 24P < 0.01 vs
Br-NBP group. Arrows in (A) show that cell body shrinkage, nuclear pyknosis, nuclear fragmentation, and the formation apoptotic bodies. Arrows in (B) show that
mature neurons loss.

Frontiers in Pharmacology | www.frontiersin.org 130 September 2017 | Volume 8 | Article 691


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Gao et al. Protective Effects of BZP in Cerebral Ischemia

1504

100+

The relative Optical Density of Cyt-C

1504

‘The relative Optical Density of Caspase-3

‘The relative Optical Density of Bax

150+

“ #

s
g

“The relative Optical Density of Bel-2
o
E

o

#

ratio of Bax/Bel-2

c

FIGURE 6 | Immunohistochemical staining analysis of Cyt-c, caspase-3, the Bax, and Bcl-2 ratio in the CA1 hippocampal region in rats with global cerebral
ischemia, after pretreatment with BZP, NBP-k, or Br-NBP. The total number of positive cells was counted in five distinct areas of the ischemic penumbra under the
microscopic field (magnification x200) in each group. (A) Cyt-c. (B) Caspase-3. (C) Bax. (D) Bcl-2. (E) The Bax/Bcl-2 ratio. The different groups are as follows: (a)
Sham, (b) Model group, (¢) NBP-K (9.6 mg/kg), (d) Br-NBP (10.5 mg/kg), and (e-g) BZP (0.75, 3, and 12 mg/kg, respectively). Data were presented as

mean =+ standard deviation. A one-way analysis of variance was used to determine if the differences between groups were statistically significant. **P < 0.01 vs
Sham group; #P < 0.05, #P < 0.01 vs Model group; 4P < 0.05, 44P < 0.01 vs NBP-K group; 4P < 0.05, 24P < 0.01 vs Br-NBP group. Arrows show that the
expression of Cyt-c, caspase-3, Bax, Bcl-2, p-Akt and PI3K positive cell.

Frontiers in Pharmacology | www.frontiersin.org 131 September 2017 | Volume 8 | Article 691


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Gao et al.

Protective Effects of BZP in Cerebral Ischemia

FIGURE 7 | Immunohistochemical staining analysis of p-Akt and PI3K in the CA1 hippocampus region of rats with global cerebral ischemia, after pretreatment with

BZP, NBP-K, or Br-NBP. The total number of positive cells was counted in five distinct areas of ischemic penumbra under the microscopic field (magnification x200)
in each group. (A) p-Akt. (B) PI3K. The groups were as follows: (a) Sham, (b) Model group, (c) NBP-K (9.6 mg/kg), (d) Br-NBP (10.5 mg/kg), and (e-g) BZP (0.75, 3,
and 12 mg/kg, respectively). Data were presented as mean + standard deviation. A one-way analysis of variance was used to determine if the differences between

the groups were statistically significant. **P < 0.01 vs Sham group; #P < 0.05, ##P < 0.01 vs Model group; 4P < 0.05, 4A